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ABSTRACT 


This  report  presents  the  results  of  the  empirical  program  undertaken  to  increase  the 
basic  understanding  of  the  fatigue  phenomena  of  advanced  composites  joints.  Four 
basic  design  concepts  have  been  evaluated  and  include  both  bonded  and  mechanically 
fastened  joints.  A  broad  spectrum  of  joint  geometry  variations  and  loading  conditions 
are  included  to  identify  the  significant  parameters  affecting  the  fatigue  endurance  of 
composite  joints.  Test  data  and  analyses  are  included  for  constant  amplitude  testing 
and  program  fatigue  loading.  Realistic  spectrum  and  block  spectrum  data  are  evaluated 

using  Miners  Cumulative  Damage  Theory. 

In  conjunction  with  other  analyses  and  evaluations,  failure  mode  studies  were  conducted 
on  the  fracture  surface  of  failed  specimens.  Scanning  electron  microscope  (SEM)  photo¬ 
micrographs  were  used  for  this  failure  study.  Specific  failure  modes  related  to  specimen 
configuration,  loading  conditions,  and  fatigue  history  were  defined.  Failure  modes 
that  have  been  identified  and  related  to  loading  conditions  include;  shear  in  the  resin 
versus  load  direction  and  stress  ratio  (R);  peel  in  the  laminate  due  to  a  cleavage  load; 
peel  or  tension  fracture  due  to  tension-tension  fatigue.  Some  specimens  subjected  to 
complex  loading  exhibited  multiple  failure  modes. 
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I.  INTRODUCTION 


This  program  was  undertaken  to  develop  an  understanding  of  the  fatigue  phenomena  of 
structural  joints  in  advanced  filamentary  composite  materials  and  to  develop  analytical 
and  testing  methods  to  support  proper  fatigue  design  of  advanced  composite  structural 
joints.  The  program  included  the  evaluation  of  both  bonded  and  bolted  joints.  Primary 
emphasis  was  placed  on  joints  in  boron-epoxy;  however,  a  limited  evaluation  of  bonded 
joints  in  graphite-epoxy  and  glass-epoxy  were  included.  Although  the  sizes  of  the  joints 
for  this  investigation  were  small  (one  to  ten  inches  in  width),  all  configurations  evaluated 
are  representative  of  typical  structural  joints  currently  utilized  in  advanced  filamentary 
composite  structures. 

The  program  consisted  of  three  major  areas  of  investigation: 

o  Analysis  Methods 
o  Fabrication,  Inspection  and  Testing 
o  Fatigue  Analysis  and  Failure  Mode  Studies 

Analytical  methods  for  determining  joint  stresses  were  divided  into  two  major  tasks; 

(1)  analysis  of  bonded  joints  and  (2)  analysis  of  bolted  joints.  Primary  emphasis  was 
placed  on  the  development  of  a  closed  form  elastic  analysis  procedure  for  bonded  joints. 
This  analysis  was  used  to  evaluate  a  number  of  joint  variables.  A  ''plastic  zone 
approach  was  used  to  extend  the  closed  form  analysis  procedure  to  include  joints  with 
inelastic  adhesive  stress-strain  behavior.  The  results  of  the  elastic  closed  form  solution 
were  verified  with  finite  element  analyses,  photoelastic  analysis,  and  strain  gage  data. 
Finite  element  analyses  were  used  to  evaluate  the  step  lap  bonded  joints  and  bolted 

joints. 

The  experimental  program  consisted  of  fabrication,  inspection,  and  testing  of  a  large 
quantity  of  joint  specimens.  Fabrication  and  inspection  methods  were  established  which 
resulted  in  specimens  being  fabricated  to  close  tolerances  and  of  uniform  high  quality. 
This  provided  specimens  that  would  consistently  develop  stresses  that  were  predicted 


1 


by  the  analytical  methods.  Developing  testing  techniques  and  actual  specimen  testing 
was  a  major  portion  of  the  program.  Establishing  proper  specimen  support  was  essential 
to  obtaining  repeatable  joints  strengths  within  a  specimen  configuration.  Equally 
important  was  determining  the  proper  cyclic  rate  for  the  different  stress  ratios  and 
specimen  configurations  to  preclude  specimen  heating  and  erratic  and  unreliable 
fatigue  lives. 

Evaluation  of  the  experimental  results  was  divided  into  two  separate  but  related  tasks. 
These  tasks  were  failure  mode  studies  and  fatigue  analysis.  The  failure  mode  studies 
mentioned  were  photomicrographic  analyses  of  the  failure  surfaces.  This  failure  mode 
analysis  does  not  replace  but  augments  the  gross  failure  modes  generally  defined  within 
the  experimental  phases  of  a  program.  The  photomicrographic  analysis  conducted  within 
this  program  established  failure  modes  related  to  specific  joint  designs,  joint  loading, 
and  fatigue  history.  The  fatigue  analysis  established  relationships  between  specimen 
configurations,  joint  variables,  material  combinations,  loading  conditions,  and  stress 
ratio  effects  for  constant  amplitude  loading.  The  relationship  between  constant  amplitude 
fatigue  and  spectrum  fatigue  (block  and  realistic)  was  also  evaluated  for  specific  joint 
configurations. 

This  report  is  divided  into  three  separate  volumes  each  containing  the  developments 
accomplished  within  a  major  area  of  investigation.  Each  volume  is  a  self-contained 
document,  complementing  the  other  two  volumes  but  not  dependent  upon  them  for  co¬ 
herence  or  continuity.  The  titles  of  the  three  volumes  are: 

Volume  I  -  Analysis  Methods 

Volume  II  -  Fabrication,  Inspection  and  Testing 

Volume  ill  -  Fatigue  Analysis  and  Failure  Mode  Studies 

Volume  III  contains  two  areas  of  investigation;  Fatigue  Studies  and  Failure  Mode  Studies. 
The  fatigue  studies  included  the  evaluation  of  a  broad  spectrum  of  joint  geometry 
variations  and  loading  conditions.  Constant  amplitude  S-N  curves  are  presented  for  all 
joint  parameters  included  in  the  program  and  spectrum  fatigue  evaluation  was  conducted 
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on  the  basic  joint  configurations.  A  number  of  design  parameters  were  defined  for 
improving  fatigue  capability  of  structural  joints  in  advanced  composites.  The  failure 
mode  studies  consisted  of  photomicrographic  evaluation  of  the  fractured  surfaces. 
Included  herein  are  photomicrographs  depicting  specific  failure  modes  as  they  relate 
to  specimen  configurations  and  loading  conditions.  Failure  modes  defined  in  this  study 
are  applicable  to  failure  investigations  on  full  size  structural  components. 
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II.  FATIGUE  STUDIES 


2.1  GENERAL  CONSIDERATIONS 

In  any  air  vehicle  design  and  development  program,  structural  fatigue  is  one  of  several 
design  criteria  that  must  be  considered  both  from  an  analytical  and  empirical  standpoint. 
Increasing  demands  for  structural  reliability  have  directed  more  and  more  attention  to 
advances  in  materials  development  as  one  step  toward  improving  fatigue  endurance. 
Advanced  composite  structures,  boron-epoxy  and  graphite-epoxy,  hold  great  promise 
in  providing  strength,  stiffness,  and  weight  savings  and  it  is  prudent  that  detailed 
investigations  be  conducted  to  develop  fatigue  design  criteria  for  realistic  structural 
applications  of  these  composites.  As  a  part  of  this  objective,  this  program  has  been 
conducted  to  develop  an  understanding  of  the  fatigue  phenomena  of  advanced  composites 
joints. 

This  has  been  accomplished,  not  by  developing  a  large  statistical  fatigue  data  sample, 
but  through  a  systematic,  parametric  study  of  important  factors  which  effect  the  fatigue 
endurance  of  composite  joints.  The  program  includes  realistic  joint  concepts  common  in 
air  vehicle  structures  and  consists  of  both  bonded  and  mechanically  fastened  joints. 
Basically,  the  tests  conducted  are  considered  in  two  phases;  (1)  constant  amplitude 
fatigue  data  to  investigate  the  parameters  which  effect  fatigue  of  the  joints  and  develop 
design  guidelines  and  (2)  program  fatigue  tests  (block  and  realistic  spectrum  tests)  to 
evaluate  the  effect  of  this  type  testing  and  to  determine  the  applicability  of  existing 
cumulative  damage  theories  for  advanced  composite  structures. 

Program  details,  test  data  presentation,  and  analysis  is  included  in  the  following  sections. 
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2.2  PROGRAM  APPROACH 


In  the  past  decade  there  have  been  numerous  research  and  production  oriented  programs 
to  evaluate  the  fatigue  phenomena  of  advanced  composite  materials.  Reference  8.  These 
investigations  have  been  primarily  concerned  with  the  basic  composite  laminate,  boron- 
epoxy  and  graphite-epoxy,  and/or  specific  structural  configurations  for  a  particular 
design  application.  This  program  is,  however,  directed  toward  the  systematic  study  of 
the  overall  understanding  of  the  parameters  involved  in  designing  advanced  composites 
joints  for  adequate  fatigue  endurance. 

To  accomplish  these  program  goals,  both  bonded  and  mechanically  fastened  joints  hove 
been  evaluated  empirically.  These  tests  hove  included  a  broad  parametric  study  of  joint 
geometric  concepts  and  hove  included  both  constant  amplitude  and  spectrum  loadings. 

A  survey  of  typical  aircraft  structural  configurations  has  led  to  identification  of  four 
basic  joint  types  which  are  included  in  the  program;  i.e., 

Type  1  -  Single  splice  butt  joint  -  both  bonded  and  mechanically  fastened 

Type  2  -  Stepped  scarf  joint  -  bonded  only 

Type  3  -  Surface  to  support  structure  attachment  -  both  bonded  and 

mechanically  fastened 

Type  4  -  Double  splice  butt  joint  -  bonded  only 

Two  joint  concepts.  Type  1  and  Type  2  above,  have  received  the  most  extensive 
evaluation  while  joint  concepts.  Type  3  and  Type  4,  have  been  considered  on  a  more 
limited  basis.  The  major  emphasis,  however,  is  on  the  single  splice  butt  joint,  both 
bonded  and  with  mechanical  fasteners,  which  is  most  commonly  used  in  aircraft  structures 
where  a  flush  joint  or  attachment  is  specified  for  structural  smoothness.  By  varying  the 
splice  plate  geometry,  primarily  the  thickness,  this  basic  joint  concept  may  be  made 
representative  of  a  skin,  panel  or  plate  splice  joint  over  a  part  of  the  sub-structure. 

In  order  to  evaluate  the  mechanically  fastened  joint  concept  more  extensively,  two 
variations  are  included,  one  containing  metallic  shims  to  improve  fastener  bearing 
strength  and  the  second  containing  additional  plies  of  ±45°  boron  to  accomplish  the 

same  task. 
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The  bonded  scarf  joint  concept,  Type  2,  is  the  second  most  extensively  investigated 
joint,  but  to  a  lesser  extent  than  Type  1 .  The  most  significant  difference  in  the  two 
concepts  is  that  the  scarf  joint  provides  an  in-line  path  for  load  transfer  and  thereby 
reduces  adherend  bending  and  stress  concentrations.  Limited  evaluation  of  Types  3  and 
4  complements  the  basic  program  in  depth  and  scope.  The  surface-to-support  structure 
attachment  joint  (Type  3)  is  a  modification  of  the  single  splice  butt  joint,  and  by  applying 
load  to  the  simulated  support  structure,  normal  to  the  sheet  adherend,  the  condition  of 
joint  bending  is  included  in  the  investigation.  The  double  splice  joint,  represented  by 
Type  4,  provides  an  additional  joint  concept  for  investigation  which  differs  from  the 
previous  concepts  in  practical  application  and  method  of  analysis. 


The  four  bonded  joint  concepts  have  been  evaluated  in  three  phases  which  are  defined 
in  terms  of  specimen  geometry.  These  include  one-inch  wide  specimens  in  Phase  1  and 
3.0"  and  10.0”  wide  specimens  in  Phases  II  and  III  respectively.  The  mechanically 
fastened  joints  are  included  in  one-inch  and  two-inch  widths  only.  Phases  I  and  II. 

The  major  program  effort  has  involved  the  Phase  I  specimens  with  the  subsequent  phases 
included  to  investigate  the  two-dimensional  effects  in  the  joints,  such  as  Poisson  s  Ratio 
and  variations  in  coefficients  of  thermal  expansion. 

The  parameters  that  have  been  evaluated  for  the  four  basic  joint  configurations  include 
the  following: 

Bonded  Joint  Parametric  Studies 


Bonded  Joint  -  Type  1 

a.  Three  adherend  combinations 

b.  Two  filament  orientations  and  two  stacking  orders 

c.  Two  adherend  thicknesses 

d.  Three  bond  line  lap  lengths 

e.  Two  adhesive  materials 

f.  Three  constant  amplitude  loading  conditions  with  variations  in  loading 
and  cycling  rates  for  three  individual  stress  ratios 

g.  Strength  and  stiffness  degradation 
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h.  Cumulative  damage 

i.  Preload  and  low  cycle  effects 


Bonded  Joint  -  Type  2 

a.  Two  adherend  combinations 

b.  Two  filament  orientations  with  one  variation  in  stacking  order 

c.  Two  bondline  lap  lengths 

d.  Two  constant  amplitude  loading  conditions 

e.  Strength  and  stiffness  degradation 

f.  Cumulative  damage 

Bonded  Joint  -  Type  3 

a.  One  adherend  combination 

b.  One  stress  ratio  with  two  stress  levels 

c.  Combined  loading  conditions,  (axial  and  bending) 

Bonded  Joint  -  Type  4 

a.  Two  adherend  combinations 

b.  One  stress  ratio  for  each  configuration  with  two  stress  levels  each 


Mechanical  Joint  Parametric  Studies 
Mechanical  Joint  -  Type  1 

a.  Two  adherend  combinations,  composite-to-composite  and  composite-to-titanium 

b.  Torqued  fasteners  and  retention  of  torque  during  fatigue  loading 

(NOTE:  A  limited  number  of  pin  bearing  specimens  have  been  tested  for 
comparative  purposes.) 

c.  Two  filament  orientations,  0°  and  0°/±45°  and  two  stacking  orders 

d.  Two  fastener  edge  distances,  e/D  =  2  and  e/D  e  1 .5 

e.  Two  reinforcements  in  joint  areas,  titanium  shims  (0.012")  and  build-up  of 
±45°  boron  plies 

f.  Uniaxial  loading,  tension-tension,  tension-compression,  and  compression- 
compression  at  constant  amplitude 

g.  Cumulative  damage  effects  -  realistic  and  block  spectrum  loading 
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h.  Evaluation  of  width  effects 

i.  Two  composite  thicknesses 

j.  Preload  and  low  cycle  fatigue  evaluation 

Mechanical  Joint  -  Type  2 

a.  One  adherend  combination  with  titanium  shim  build-up 

b.  Evaluation  of  thickness  effects 

c.  Combined  loading  (axial  and  bending) 

To  establish  a  data  base  for  both  the  bonded  and  mechanically  fastened  joints,  it  was 
necessary  to  characterize  one  configuration  of  each  to  a  relatively  broad  extent.  The 
one-inch  wide,  bonded  single  splice  butt  joint  with  0°/±45°  fiber  orientation  and 
boron-titanium-boron  adherend  combination  provides  baseline  data  with  which  all 
subsequent  bonded  joint  evaluations  have  been  compared.  For  the  mechanical  joints, 
the  narrow,  single  splice  butt  joint  with  titanium  shims,  0  /±45  fiber  orientation,  and 
fastener  edge  distance  of  2.0  is  the  baseline  configuration  for  comparison  of  the  various 
parameters  evaluated. 

Constant  amplitude  fatigue  tests  have  been  completed  and  the  resulting  data  were  used 
as  the  basis  for  evaluating  the  effect  of  the  various  parameters,  included  in  this  program, 
on  the  fatigue  endurance  of  composite  joints.  Also,  the  baseline  data  developed  for 
the  bonded  and  mechanically  fastened  joints  have  been  utilized  to  construct  constant 
life  diagrams.  These  constant  life  diagrams  have  been  used  for  cumulative  damage 
analyses  of  the  block  and  realistic  spectrum  loading  test  data. 

To  extend  this  fatigue  evaluation  from  the  constant  amplitude  testing  to  loadings  more 
representative  of  the  actual  aircraft  environment,  selected  configurations  were  subjected 
to  block  and  "realistic"  spectrum  loading  tests.  These  test  spectra  have  been  developed 
using  a  reasonably  realistic  fighter  aircraft  wing  loading  spectrum  and  the  "realistic" 
spectrum  includes  frequency  as  well  as  amplitude  variation.  Test  data  have  been 
evaluated  to  determine  the  adequacy  of  cumulative  damage  theories  as  applicable  to 
advanced  composite  structures. 
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The  test  specimen  details  and  parameters  involved  in  this  program  are  discussed  in 
2.4.1  and  the  constant  amplitude  test  data  is  presented  in  2.4.2.  The  test  spectrum 
development  for  the  realistic  and  block  spectrum  tests  is  discussed  in  2.3  and  test 
results  are  presented  in  2.4.3.  The  analysis  of  test  data  and  recommendations  for 
fatigue  of  composite  joints  is  included  in  2.5. 
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2.3  TEST  SPECTRUM  DEVELOPMENT 


2.3.1  Realistic  Spectrum  Development 

Available  unclassified  reports  containing  data  on  the  design  loadings  and  actually 
experienced  loadings  for  fighter  aircraft  were  collected  and  studied.  It  was  apparent 
that  the  major  portion  of  fatigue  damage  was  caused  by  loadings  due  to  aircraft 
maneuvers.  The  maneuver  load  frequency  spectrum  of  MIL-A-8866  (Ref.  1)  was  used 
as  the  basis  for  spectrum  development.  The  g  loading  requirements  of  MIL-A-8861 
(Ref.  2)  and  the  service-life  requirements  of  ASD-TR-66-57  (Ref.  3)  were  also  used  in 
establishing  loadings.  Limit  load  factors  of~b7.33  and  -3.0  were  selected  for  use  in  the 
spectrum  development.  From  MIL-A-8866,  the  spectrum  loading  curves  would  then 
encompass  from  35%  to  125%  of  the+7.33g  limit  load  (+2.56g  to-F9.16g),  and  from 
0%  to  110%  of  the  -3.0g  limit  load  (Og  to  -3.3g).  The  MIL-A-8866  occurrence  table 
figures  were  summed  to  make  the  4000  flight-hours  cumulative  curves  shown  in  Figures 
1  and  2.  High- load  cutoffs  for  testing  were  selected  as+lOg  and  -3.6g;  low- load 
cutoffs  used  were+2.56g  and  Og.  Four  fighter-type  missions  were  selected  from  in¬ 
formation  sources  to  represent  a  realistic  fighter  aircraft  usage.  These  are  listed  as: 

(1)  Close  Air-Support  Mission  from  ASD-TR-68-65  (Ref.  4); 

(2)  Interdiction  Mission  from  ASD-TR-68-65; 

(3)  Training  Mission  from  GD/FW  Report  FW69-257  (Ref.  5); 

(4)  Peacetime  Mission  from  AFFDL-TR-67-1 07-2  (Ref.  6). 

Cumulative  occurrence +g  curves  for  these  missions  as  presented  in  the  referenced 
reports  or  as  modified  for  4000  flight  hours,  are  shown  in  Figure  1  along  with  the 
MIL-A-8866  curve.  The  summation  of  these  four  mission  curves  did  not  agree  with  the 
MIL-A-8866  total  curve,  so  the  mission  curves  were  modified  slightly  so  that,  at  all 
N  values,  the  cumulative  occurrence  summation  would  equal  the  MIL-A-8866  curve. 
Figure  3  presents  the  resulting  curves. 
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Each  mission  curve  was  divided  into  applicable  flight  segments  in  accordance  with  the 
information  in  the  referenced  reports  from  which  the  missions  were  obtained.  These 
mission  curves  and  segments  are  presented  in  Figures  4,  5,  6,  and  7  for  4000  flight  hours. 
Negative  N  data  was  apportioned  to  the  missions  and  segments  in  the  same  proportion 
as  the  positive  N  loadings  so  that  the  distribution  would  be  relatively  even  throughout 
the  spectrum.  For  this  apportionment,  die  relationship  of  positive  Nz  at+2.56g  was  used 
as  a  basis  for  distribution.  The  resulting  curves  are  presented  in  Figures  8  through  1 1 . 

This  relationship  at+2.56g  was  also  used  to  establish  the  number  of  flights  of  each  mission 
to  be  considered.  It  was  assumed  that  the  MIL-A-8866  total  curve  for  4000  flight  hours 
applied  to  a  total  of  4000  flights  so  that  the  specified  4000  landings  would  be  obtained. 
From  these  curves  then,  by  knowing  the  total  number  of  occurrences  in  each  mission  type 
for  4000  flight  hours  and  the  total  number  of  flights  for  each  mission  type,  the  average 
number  of  occurrences  per  flight  per  mission  and  per  mission  segment  were  obtained.  To 
account  for  ground-air-ground  cycles,  each  flight  was  started  and  ended  with  -1 .0g. 

The  total  flight  breakdown  per  4000  flight  hours  was  calculated  to  be. 

Close  Support  Mission  -  1108  flights 

Interdiction  Mission  -  284  flights 

Training  Mission  -  844  flights 

Peacetime  Mission  -  1764  flights 

An  attempt  was  made  to  utilize  a  realistic  sequencing  of  the  damage  source  segments  in 
a  typical  single  flight  loading  chart.  This  approach  was  abandoned  for  the  following 
reasons.  As  shown  in  Figures  4  through  11,  each  mission  is  divided  into  specific  flight 
segments  such  as  air-to-ground  combat,  ascent,  descent,  and  others.  Each  of  these 
segments  represents  a  specific  damage  source,  but  within  each  segment  there  are  many 
loadings  which  cannot  be  applied  to  a  single  flight.  For  example,  in  the  Interdiction 
Mission  (Figure  5),  a  limit  load  factor  of  7.33g  occurs  only  once  in  4000  flight  hours 
during  the  "descent"  segment.  Attempts  to  account  for  this  load  in  a  typical  single 
flight  become  meaningless,  since  this  would  require  application  of  a  fractional  cycle 
of  this  load  level  in  each  loading  spectrum.  This  problem  is  obviously  greatly  magnified 
by  the  large  number  of  such  less-than-full-cycle  loadings  in  each  segment  of  each  flight. 
The  situation  is  further  complicated  by  any  attempt  to  derive  normal  orderly  sequencing 
of  loading  segments  within  a  given  flight. 
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While  it  is  not  beyond  the  realm  of  possibility  to  generate  representative  full  cycles  per 
flight  for  testing  purposes,  there  would  necessarily  be  many  different  flight  spectra  for 
each  mission  type,  with  the  result  that  testing  load  inputs  would  greatly  exceed  the 
capability  of  existing  test  equipment.  Under  this  plan  it  would  have  required  26  different 
flight  spectra  to  cover  the  Interdiction  Missions.  Simplification  of  the  program  was 
therefore  necessary,  and  it  was  decided  to  test  in  400-flight  spectrum  blocks  with  the 
blocks  repeated  10  times  to  obtain  the  4000  flight  lifetime.  This  action  resulted  in 
deletion  of  the  identification  of  the  damage  source  segment  and  the  orderly  sequence 
of  flight  events  from  the  typical  single-flight  loading  chart. 


The  change  to  a  400  flight  spectrum  block  resulted  in  the  following  flight  breakdown: 


Close  Support  Mission 
Interdiction  Mission 
Training  Mission 
Peacetime  Mission 


111  flights 
29  flights 
84  flights 
176  flights 


The  single-flight  loading  charts  for  the  400  flight  spectrum  are  presented  in  Tables  I 
through  IV.  In  order  to  account  for  the  correct  number  of  loadings  required,  per  the 
occurrence  curves,  the  loadings  which  occur  in  numbers  which  could  not  be  evenly 
divided  into  the  spectrum  blocks  are  presented  separately  in  Table  V.  These  loadings 
will  be  applied  as  noted  during  the  testing  program.  In  the  single-flight  tables,  some 
loadings  occur  each  time  a  flight  is  made;  others  occur  only  during  certain  flights.  The 
non-regular  loadings  are  indicated  by  adding  a  fraction  after  the  load  level  number. 

For  example,  the  load  ,Lb5(^)",  indicates  that  this  particular  loading  (+-5g)  occurs  once 
per  three  flights  of  this  mission. 


The  400  flights  of  the  realistic  spectrum  were  assigned  flight  numbers:  flights  1-1 1 1  for 
Close  Support  missions,  flights  112-140  for  Interdiction  missions,  flights  141-224  for 
Training  missions,  and  flights  225-400  for  Peacetime  missions.  These  400  numbers  were 
randomized  by  means  of  a  random  number  table.  The  resulting  list  of  numbers-at-random 
was  examined  for  instances  where  several  flights  of  any  one  mission  type  were  in 
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succession.  An  arbitrary  limit  of  three  flights  of  any  one  mission  type  in  succession  was 
applied  and  the  list  of  random  numbers  was  changed  accordingly.  This  list  of  numbers 
was  then  established  as  the  testing  sequence.  Table  VI  presents  the  Flight  Sequence  vs. 
Test  Sequence  with  the  flight  numbers  in  numerical  order;  Table  VII  presents  the  same 
information  with  the  test  sequence  in  numerical  order. 

2.3.2  Block  Spectrum  Development 

MIL-A-8866  maneuver  occurrence  loadings  for  4000  flights  plus  4000  occurrences  of 
-1  .0g  were  combined  and  divided  into  10  approximately  equal  blocks.  These  blocks 
were  identical  except  for  the  occurrences  which  could  not  be  evenly  divided  into  10 
groups.  The  same  g  loadings  used  in  the  realistic  spectrum  were  used  in  the  block 
spectrum.  The  difference  is  that  in  the  realistic  spectrum,  the  loads  are  applied 
randomly  and  flight-by-flight,  and  in  the  block  spectrum  the  loads  are  applied  in 
sequence  of  ascending  or  descending  magnitude  with  all  cycles  of  the  same  magnitude 
being  applied  in  a  group.  In  the  odd-numbered  blocks,  ascending  order  of  magnitude 
is  used;  in  even-numbered  blocks,  descending  order  of  magnitude  is  used. 

Due  to  the  number  of  block  loadings  being  too  large  for  the  capacity  of  the  test  equip¬ 
ment  storage  register,  the  10  blocks  were  changed  to  two  blocks  which  could  be  repeated 
five  times  to  obtain  the  4000  flight  spectrum.  The  first  block  will  be  run  in  ascending 
order  of  g  loadings  and  the  second  block  will  be  run  in  descending  order  of  g  loadings. 
This  loading  scheme,  when  repeated  five  times  will  equate  the  4000  flight  spectrum. 

The  block  loadings  for  the  bonded  joint  specimens  are  shown  in  Table  VIII.  Total  test 
loadings  in  the  two  block  spectrum  sequence  are  essentially  the  same  as  those  in  the 
application  of  two  400-flight  realistic  spectrum  blocks. 

Some  difficulty  was  encountered  with  the  cumulative  damage  testing  of  the  mechanical 
joint  specimens.  Repeated  attempts  to  obtain  acceptable  fatigue  failures  using  the 
original  block  loading  spectrum  were  unsuccessful.  It  was  decided  therefore  that  the 
loading  spectrum  would  have  to  be  modified  and  the  1 .0g  load  level  increased.  Various 
changes  were  made  until  satisfactory  failures  were  obtained  within  an  acceptable  time 
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span.  The  spectrum  that  was  finally  adopted  for  both  the  Phase  I  and  Phase  II  mechanical 
joint  specimens  is  presented  in  Table  IX.  The  value  of  the  1  .Og  load  was  selected  to 
give  a  joint  net  section  stress  of  approximately  39,000  psi  at  the  8.0g  load  level.  Since 
most  of  the  i-inch  wide  specimens  were  used  to  establish  the  loading  spectrum,  it  was 
necessary  to  test  a  few  additional  contingency  specimens  in  order  to  obtain  sufficient 
data  points  for  spectrum  evaluation.  The  Phases  I  and  II  realistic  loading  spectrum  tests 
were  conducted  without  any  difficulties.  In  both  cases  the  selection  of  the  l.Og  load 
level  was  based  on  the  results  of  the  block  spectrum  testing. 
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table  i  SINGLE  FLIGHT  LOADING  CHART  -(400-FLT.  RAN  DOM  I Z  E  D] 
CLOSE  SUPPORT  MISSION011  FLIGHTS) 
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=  From.  T-To 


SINGLE  FLIGHT  LOADING  CHART -(400-FLT.  RANDOM 
INTERDICTION  Ml  SSION  (29  FLIGHTS  ) 


F=From.  T=To 


table  SINGLE  FLIGHT  LOADING  C  H  ART-(400-FLT.  RAN  DO  Ml  ZE  D ) 

TRAINING  MISSION  (84  FLIGHTS) 
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F-From  .  T=To 


TABLE  IV  SINGLE  FLIGHT  LOADING  C  HART-(400-FLT.  RANDOMIZED  ) 
PEACETIME  M  ISSION  (176  FLIGHTS  ) 
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io  i<  oo  +■ 


cm  ^coTjcou 
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table  v  ADDITIONAL  LOADINGS  TO  BE  APPLIED  WITH  THE  NOTED 

400-FLIGHT  SPECTRUM  GROUP 
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TABLE  VI  FLIGHT  SEQUENCE  (400  FLT.  RANDOM  SCHEDULE) 


lA^j-CO  O  00  H  W  GO  C\J  irVrHOVOCVJHVOOCVJ  KV  rH  LTV  LTV  rH  CD  ^  f-  O  O  CVJ 
OV  ^  O  CVJ  VO  CTVLTVG0  00  rH  CT\  t*"-  LTV  CVJ  O  VO  T"-  ^  00  UV  KV  H  K\  OV  OV  D- 

H  KVC\j  CVJ  KVNVKV  rl  rl  rl  (\l  CVJ  rHKV  NVH  f\l  KVN'VN’V  CVJ  » — I 


rH  CVJ  KV^j-LTVVO  h-00  ovo  i — I  CVJ  r-TV^LTVVO  D-  CO  OV  O  rH  CVJ  KV  ^  LfV  VO  t"-  00  OV  O 

coaoaococoaoaocoaoovovovovcvavavavovavoooooooooOrH 

rH  « — l( — I  i — I  i — l( — li — (Hi — I  i — I  i — I  H  H  i — I  i — If — I  H  i — IrHCVICVJCVJCVJCVJCVJCVJCVICVJCVJCVJ 


kvov  o  in  nvvd  o  a\co  ^vo  cvi  h  vo  ovcvj  r-o  ao  r— co  t^-irvcvi  ao  vo  vo  ltv  ^ 
HCMHh-lAO^HHVDHOLnO  VO  ^  UVlA  H  00  00  O 

H  NV  CVJ  H  C\J  (M  H  N"V  CVJ  CVJ  KV  rH  KV  NV  K\  NVH  H  H  CVJ  KV  CVJ  rH  rH 


HCVI  lArtLTWONCDavOHCVjKVrtLrvVOr-OOaNOHCVJfA^-LrvVOh-COOVO 

Lr\irvLrvLr\LrvLrvLrMr\irvvovovovovovovovovovD  c —  r —  c —  c —  c —  t —  t —  r —  c —  oo 

H  H  H  r — I  rl  rl  rH  H  rl  i — IrlHHrlrHrlrlHHHHHHrli — I  rl  rH  rH  rH  rH 


D—  00  ^J-rH  LOVO  LTV  VO  LTV  CVJ  VO  VO  C—  00  CVJVO  O  VO  LTV  rH  OV  00  rH  C- —  LTV  VO  CVJ  CVJ  rH 
i — I  00  i — I  LT\  CVJ  CVl  OOU^N'VOV^fOO'VfOVhrV  t^-rHOOCVJLrVOOt^-LTVKVt^-OVKVOOO 
rH  CVJ  NVOJ  H  CVJ  H  CM  C\J  H  KV  H  KV  KV  KV  rH  rH  CVJ  CVJ  N"V  rH 


rH  CVJ  FT\  LTV  VO  C —  GO  OV  O  H  CVJ  lAVO  h-  GO  OV  O  H  CVJ  KV  ^  LTV  VO  00  OV  O 

cvj  cvj  cvj  cvj  cvj  Cvj  cvj  cvj  cvj  f^hrvN^!OvK^^f^KVKvhrv^^^fx^-^Tj-*rj-'«t^-Td“^Lr\ 


CTV  00  H  KV  LTV  VO  OV  LTV  rH  OV  VO  VO  C\J  LTV  LTV  ^  00  LTV  KV  00  CVJ  O  KV  LTV  t"—  t" —  VO 

ao  oo  vo  av  ov  vo  v-  cvj  ltv  o  kv  uv  cvj  r— ^-vo  cvj  cvi  irv  t—  lcv  kv  nvvo  t^-ov 

CVJ  rH  KV  CVI  CVJ  rH  CVJ  i — I  CVJ  rH  KV  rH  CVJ  CVJ  KV  KV  rH  CVJ  rH  CM  CVJ  CM  CM  KV  KV 


rH  CVJ  KVH-IAVO  GO  OV  O  rH  CM  K\  ^  LTV  VO  r—  00  OV  O  r-H  CVJ  KV  UV  VO  D—  00  OV  O 
OVOVOVOVavCTNavOVavOOOOOOOOOOrHrHrHrHrHrHrHrHrHrHCVI 


CT\  CVI  CVJ  D—  VO  CVJ  OV  O  lOVO  GO  OVrCNCO  CVI  H-O  KVOO  CO  KV  UV  rH  t"-  rH 

CM  VO  VO  CD  CVJ  avervhTVrH  KV  [>-  t"~  O  rH  O  LTV  KV  OV  rH  Lr\ir\KVKVLrVt"~KVCM  OV  ^ 
CVJ  CVJ  KV  CVJ  i — I  rH  rH  rH  KV  H  rl  H  KV  KV  i — I  CVI  i — I  H  fA 


i — t  cvj  kv  uv  vo  ao  ovo  h  cvj  kv  uv  vo  r*~  co  av  o  h  cvj  kv  uv  vo  r^-ao  ov  o 
vovovovovovovovovo  ir—  c —  r—  c —  c —  t—  c^~  t —  r —  r—  ao  oo  oo  oo  go  oo  oo  ao  ao  oo  o\ 


h  loo  nvvo  avao  cvjvo  f—  vo  c —  vo  vo  H  ov  oo  aocvj  kv  av  o  av 

rH  OVCVJ  f"-  OV  VO  OV  KV  CM  r— vo  VO  LfV^fD-^frH  CVJ  ^tt^-CVJ  ^t~  UV  O  D—  VO 

KV  rH  CVJ  CM  rH  KV  CM  H  NV  KV  KV  NV  CM  rH  rH  KV  KV  rH  rH  KVAH 

rH  CVI  KV^lCVVO  C"-  CO  ovo  HCVJ  kv  ^  uv  vo  D-  CD  ovo  rH  CVJ  kv  uVVO  V-  CO  OVO 

rohcvKVKVhrvrrvirvKVhrv'^'^^^j-'^t^^t'^^t^fLrvLTNLrvLrvLfvirvirvLfVLOvirvvo 


H  CM  CM  LTV  ^OLr\OLrvCTVVO^'N~Vt^-CVJt^aOCVI^'^-r--avOVrCVrH^tavOVCVJ 

cvj^CDovKvt^oocvi^vor—  Hovocvjcovoaovoo^voav  ovo  iaoo  h  kv 

CM  KV  H  KV  CVJi — ICVJCVJCVJCVJCVJr — I  H  CM  H  NV  NV  H  H  KV  H  CM  CVJ 


rH  CVJ  KVH’lOVO  N  00  OV  O  H  CM  KV  ^  l/VVD  CO  OV  O  H  CM  KVH*lAVO  t-  00  OV  O 
rHi — li — I  i — It — I  i — I  i — lr — I  i — I  i — ICMCVJCMCVJCVJCVJCMCMCVJCVJ  KV 
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TABLE  VI  FLIGHT  SEQUENCE  (400  FLT.  RANDOM  SCHEDULE)  (CONT'D) 


Eh  ^ 
co  a? 
W  W 
EH  CO 


OCM^rfHCOI^QHW 
00  lACO  H  inCNOO  H 

(\J  H  H  NA  i — I  i — I  KN  KN  KV  C\J 


Eh  * 
O 
Ph  {Zi 


rH  CM  NA^rLTAVOr-COONO 
ONONONCNONaNONOVONO 
NANAKNKVNAKANAKVNAKt 


EH 

CO 


a? 

w 

CO 


ino  CO  LfA  ( — I  VO  KN  h-  t" —  O  UA  00  IAO  N-H  00 
rH  KN  ON  KN  CM  ^  rH  OV  VO  00  VO  LfA  CM  LfA  CM  rH 
rH  rA  H  IA  C\J  C\J  CvJ  i — |  NA  NA  OJ  rH  CM  rH 


OlA^tOOVDChCOO  ON  rH  rH  H  O 
KV  VO  VO  CM  KN  LTV  CO  NA  LfA  NA  C--  CO 
C\J  rH  CM  C\J  rH  tAH 


Eh 

h3  O 

pH 


rH  C\J  NA  L/N  VO  t —  GO  ON  O 
VO  VO  VO  VO  VO  vo  VO  VO  vo  o- 
KMAhAKVlANArArAfArA 


rH  CM  KN  ^  NO  t-OOOVO 

t —  t —  t —  i —  c —  t —  c —  ttr  oo 

KNtAfArArAfAfAKVNAKV 


rH  CVJ  NA  rj-  LfA  VO  C^-00  ON  O 
QOCOCOCOQOCOGOCOOOON 
hANVrAKVrAfANANAlAlA 


Eh  • 

CO  <y 


pq  w 

EH  CO 


ON  KN  OJ  LTV  CD 
KN  LTV  ON  NA  CO  LfA 
H  fAOJ  fAH  H 


ON  LfA  CM  KN  VO  O 
fAH  00  CO  N-O 
fAfA  fA  fAH 


ON  fA  LA  H  O  00 
00  ON  VO  VOO^f 
fA  fAfA  NAfAH 


CO  00  ON  rH  rH  O 
NA  ON  ON  f—  rH  VO 
CM  NA  CVJ 


on  cvj 

LfA  r—  KN  NA  NA  00 
NA  NA  rH  CVJ  rH  NA 


EH  • 
^  O 
Ph  {z; 


rH  CVJ  NA  LfN  VO  t —  GO  ON  O  H  CVJ  NA  LfA  VO  t^-C0  ON  O  rH  CVJ  NA^lTNVO  00  ON  O 
NANANAKNKNKNNANANA^^J-^^-^-^J-^t^f^^’LrNLrvUNLfNLfNUA^fUAirxUAVO 
NA  NA  NA  NA  NA  NA  NA  NA  NA  NA  NA  NA  NA  NA  NA  KA  NA  NA  NA  NA  NA  NA  NA  NA  KN  NA  NA  NA  NA  NA 


EH 
co  a? 
w  w 

Eh  CO 


Eh  * 
-3  O 
Ph  Jzi 


O  rH  xj-  ON  KV  rH  CO  NAUArH  CVJ  NA  Tt  O  C —  VO  O  C*-  ^  KV  CM  VO  LTWOVO  ON  OV  rH  Q 
f —  C —  *<d-  VO  00  CVJ  KN  ^  O  ^  CM  NAONOOOUfANAOC^-VOrH^t^OVOOOOONOOV 
CM  ,—1  CM  NA  NA  CVJ  CVJ  CVJ  ^  CVJ  NA  rH  CVI  rH  CVJ  KN  NA  CVJ  CVJ  KN  CVJ  KV 


rH  CVJ  NA  LfA  VO  f-  00  O NO  rH  CVJ  KV  ^  UA  VO  r —  CO  ON  O  H  CVJ  NA^tUAVOE^-COONO 
OOOOOOOOOrHrHHrHHHHHHfHCVICVJCVJCVJCVICVJCVJCVjCVJCVJ  NA 
NANAKVNAKVNANANAKVNANAKVNANANAKNKVNANAKVNAKNKNNANANAKVKNKVKN 


EH 
co  a? 
w  pq 

eh  CO 


KA  ^  CVJ  ^  ON  H"  CVJ  NA  GO  ^  VO  LfA  O  ON  CVJ  NA  CO  CM  t>-  t—  VO  00  O  CM  VO  ^  rH  rH  IN— 
t^CJliAONOHr-M-ONVCMLiAONVOCMiOCMHM-CVJOOCVJh-OVfAt^OCDCM 
NA  CVJ  NA  rH  NA  H  CM  NA  H  NA  KN  CM  CM  CM  H  NA  KN  H  rH  CM  CM  rH  H 


Eh 
.H  O 
PH 


rH  CM  NA  ^  LfA  VO  GO  Ov  O  rH  CM  NA  UA  VO  C*—  00  OV  O  rH  CM  NA  LfA  VO  00  ON  O 

t —  r —  C —  f —  t —  IA —  t —  r —  00  CO  GO  co  go  co  oo  CO  co  go  onononononononononono 

CMCMCMCMCMCMCMCMCMCMCMCMCMCMCMCMCMCMCMCMCMCMCMCMCMCMCMCMCMNA 


Eh  _ 
co  a? 
H  w 

Eh  CO 


OArH  00  KV  KN  ON  O  Lf N  OV  O  NA  ON  C*—  VO  NA  OV  KN  t —  ON  UA  NA  ^3"  UA  rH  LfA  ON  NA 
rH  NAVO  ONCO  ON  ON  "H"  ON  C" —  VO  VO  CM  ON  CA  t —  rH  LfA  00  CM  CO  GO  H  NA  A—  LfA  CM  rH 

CM  CM  CM  CM  C\J  rH  CM  NA  H  CM  rl  rH  CM  CM  NA  rH  rH  CM  CM  H  CM 


Eh 
^  O 
Ph  Jzq 


H  CM  NA  UA  VO  t —  00  ON  O  H  CM  NA  ^  UA  VO  GO  ON  O  rH  CM  KV^UAVO  t —  CO  ON  O 

^  LfA  LfA  LiA  LfA  LfA  LfA  LfA  LfA  UA  UA  VO  VO  VD  VD  VO  VO  VO  VO  VO  VO  f— 

CMCMCMCMCMCMCMCMCMCMCMCMCMCMCMCMCVJCMCMCMCMCMCMCMCMCMCMCMCMCM 


Eh 
co  a? 
H  W 
Eh  CO 


A—  A- VO  O  KN  00  rH  NA  CO  CM  O  LfA  VO  CN  H  rH  CA  NA  O  VO  VO  UA  -Vj-  CVJ  00  CM  O 
TtHr-VClAt^OVOCDCMnOCO^HM-N-CMLnWKAM-  CM  O  rH  VO  rH  CM  VO 
NA  CM  H  CM  rH  NA  NA  H  rH  NA  CM  CM  CM  KN  NA  NA  CM  rH  NA  NA  KV  1  I 


rH 

CM 

NA 

LTV 

vo 

C— 

00 

ON 

O 

1 — 1 

CM 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

CM 

CM 

CM 

CVJ 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

NA  H"  LfA  VO  t —  GO  ON  O  rH  CM  NA  H"  LfA  VO  E —  00  ON  O 
CM  CM  CM  CM  CM  CM  CM  NANANANANANANANANANA-^ 
CMCMCMCMCMCMCMCMCMCMCMCMCMCMCMCMCMCM 
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TABLE  VII  TEST  SEQUENCE  (400  FLT.  RANDOM  SCHEDULE) 


EH  *’ 

►3  o 
Pm  ft 


CTWO  KA  KA  on  CM  KMT\  00  C^-  o  ^  Kf  VO  OA  O-  CTA  00  ^  VO  o  ON  CM  KA  OA  C^-  KA 

0A  rH  VO  OA  t —  KA  OA  NA  CM  00  VO  OJ  OA  C-  VO  LfA  NA  C—  CM  CTA  CTA  LfA  C\J  O  VO  rH  C—  CM  UA 

CM  CM  NA  H  H  NA  CM  CM  CM  NA  CM  rH  CM  fA  CM  H  rH  K>H  CM  NA  rH 


EH 

CO 


B 


Of 

a 

CO 


rH  CM  NA  ^  LTA  VO  00  OA  O  rH  CM  NA  LfA  VO  t**-  CD  OA  O  rH  CM  NA  lT\  VO  CO  CTA 
00  CO  00  00  0000  00  00  OOCTnCTVOVOVCTnOVOVCTnOVOVO  o  o  oo  oo  oo  o 
H  H  rl  rl  rH  rl  rl  i — IrHHrlrHHrHHrHrHHrlCMCMCMCMCMCMCMCMCMCM 


Eh 

O 
Pm  ft 


H  W  invo  M’LALAKM^O^OOVOOOHHVOOM'CVJOVO  M-ONfAfAH 
ON  rH  NA  t"  O  t**“  rH  UA  C —  CM  H  CM  00  H  rj- N  OA  VO  OA  O  rH  00  VO  UA  OA  t--  C— 

rH  KVCM  KVH  rH  fA  H  NA  NA  NA  rH  NA  CM  NA  CM  rH  rH  rH 


EH 

CO 


B 


a? 

w 

co 


H  CM  NA  t*-  UAVO  h-CO  0\0  H  C\j  rO\M*LAVO  t--  OO  OV  O  rH  CM  NA  ^  UA  VO  !>-  CD  OA 

LrAUAUAUALrAUAUAUAUAvovovovovovovovovovo  c —  t —  c —  c —  c —  t —  t —  —  c —  r^- 


eh 

O 

Pm  ft 


CD  00  CTA  NA  CM  VO  O  O  CTA  NA  00  CO  CD  OA  OA  rH  t*-  O  lAOVVO  H  CM  f —  LTV  00  CM 

00  CTA  ^  UA  VO  CM  o  rH  VO  OA  00  NA  t" —  LTV  CM  NA  UA  CO  NA  LT\  OA  00  LT\  CM  o  LT\  LT\  OA 

rH  CM  CM  rH  KVH  CM  H  fA  NOH  CNJ  KV  NA  NA  CM  CM  H  CM  NA  rH 


EH  * 

co  a? 

ft  ft 

Eh  CO 


rH  CM  NA  LTV  VO  t  00  ON  O  H  CM  NCO  ONO  rl  CM  NA  UA  VO  f~-  00  OA 

CM  CM  CM  CM  CM  CM  CM  CM  CM 

H  rH  rH  rH.  rHHrlrlHHHHrlHHHHHrlHHHHi — I  rl  rH  rl  H  i — I 


Eh 

O 
Pm  ft 


LTV  LTV  i — I  NA  CM  t>-  OA  O-  rH  CM  f*-  OA  UA  O  NA  CM  00  N\  NA  00  rH  O  rH  VO  rH  OA  rH  F-  VO 

CTA  OA  00  rH  NA  ^  VO  NA  UA  ^  rH  ^  CM  GO  T —  CA  rH  00  O  NA  OA  CO  UA  C —  VO  VO  CM  t —  VO 

H  CM  H  NA  H  NA  NA  CM  rH  rH  CM  NA  H  rH  CM  ( — I  H  CM  KV  H  N^\  H 


E4 

CO 


B 


a? 

ft 

CO 


rH  CM  NA  UAVO  t*-  00  CTA  O  rH  CM  N~N  ^  LTV  VO  t —  00  OA  O  rH  CM  NA  ^  UA  VO  C —  CO  OA 

OA  OA  OA  OA  OA  OA  OA  OA  OA  O  O  O  O  O  O  O  O  O  O  i — I  rH  rH  r-H  i — I  rH  rH  rH  rH  rH 

*■  i — I  i — I  H  i — I  i — I  i — li — l< — IrlrHi — I  i — It — I  i — I  i — If — I  H  i — I  i — I  i — I 


Eh 

^  O 

Pm  ft 


8NA  CM  O  ON  fAh-O  ^  CM  CMt^-^r— VO  f —  C —  NA  O  UA  O  OA  UA  O  OA  LTV  CO  CM 

vo  in  m-  'M- h  vo  o  n-  o  h-  m  a\  kvvo  irun  co  in  m  o  vo  cmah  h  h- 

CM  CM  CM  m  H  m  H  CM  CM  H  H  CM  CM  NA  rH  NA  NA  H  H  fA  rH 


EH 

CO 


B 


a? 

ft 

co 


rH  CM  NA  UA  VO  f —  CD  ON  O  rH  CM  m^LAVO  A-  00  ON  O  rH  CM  NA  UA  VO  E^OO  CTA  O 

vovovovovovovovovon-n-n-n-r^-n-r—n-n-n-aDaoooooGDooaocoaooocrv 


• 

Eh 

hQ 

Pm 


O 

ft 


vo 

cm  o  vo  o  c —  cm  oo  r-  oo  oo  o  cm  ao  cm  mcM  h  cm  cm  r-n-movH  oo  oo  ctnm-c^  M- 

M-  oo  co  aovo  o  na  ^  oa  a-  oo  cm  kvh  ua  oa  ao  vo  ua  go  vo  cm  c\j  o  ^  in 

CM  rH  CM  NA  NA  CM  CM  rH  NA  CM  CM  i — I  H  NA  rH  CM  CM  H  CM  CM  NA 


Eh 

CO 


B 


Gf 

ft 

co 


rH  cm  na  ua  vo  c^-ao  crv  o  h  cm  na^uavoc'-cdoao  h  cm  na  ^  uavo  r—  oo  oa  o 

NANANANANANANANANATj-^^^T^^^x^^^Lr\uAUAUAir\UAUAUAUAUAVO 


Eh 

ft 


O 

ft 


H  vo  LfA  CM  NA  UA  UA  00  NA  rH  00  NA  UA  ^  CM  VO  00  r-i  rH  CM  00  rH 

ua  na  o\rnvoc^cocMininc\jrtCMvoNHh-inN  h  h  m  oo 

rH  CM  H  NA  H  KMA  H  CM  CM  H  CM  fA  TA  H  CM  CM 


CMA  O  CM 

mov  o  vo 

CM  CM  H  NA 


Eh 

CO 


B 


a? 

ft 

co 


rH  CM  NA  ^  UA  VO  F-  CO  OA  o  rH  CM  NA  ^  UA  VO 
rH  r-H  rH  rH  rH  rH  rH 


C^CD  OVO  rH  CM  rcv^irvvo 
HHHCMCMCMCMCMWCM 


n—  oo  oa  o 

CM  CM  CM  rA 
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TABLE  VII  TEST  SEQUENCE  (400  FLT .  RANDOM  SCHEDULE)  (CONT'D) 


Eh  • 

O 
P*i  & 


Eh  • 
co  a? 
pq  pq 

Eh  CO 


Eh  • 
.-q  O 
Ph  fe 


Eh  • 
CO  a? 

W  w 

Eh  CO 


Eh  • 
^  O 
Ph  5Z 


02  a? 


EH  * 
O 
Ph  Jz; 


Eh 
co  a? 
pq  pq 

Eh  CO 


Eh  •' 
t-q  O 
Pq  Jzi 


Eh  , 
02  Or 

k  pq 

Eh  CO 


Eh  * 
^  O 


Eh  . 
CO  Of 

pq  pq 

EH  CO 


Eh 
hP  O 
P«h  fZ 


Eh  „ 
co  a? 
w  pq 

Eh  CO 


00  C —  ^  O  O  ON  O  m 

OvJ  CO  ^  NA  CM  CO  LfN  CM  rH 

fAH  IAKN  rH  KN  KN 


rH  CM  KN  ^  LfN  VO  F-  00  ON  Q 
ON  ON  ON  ON  ON  ON  ON  ON  ON  O 
tAKMAfAKM^K^rAN^M' 


MO  t —  00  CTn  LfN  UN  CM  CM  CTN  CTn  NO  H  VO  H  H  CTn  O  t  ON  CT\  Q  rH  F  O  Q>  9P 

*3-  KN  rl  O^-CMOJ  0 —  00  LTV  GO  UN  C  O  rl  F-  CM  r—CTNCO  ^"CTN^-t^-VOrH  0\ 

KN  CM  CM  rH  KN  KN  KN  CM  KN  KN  CM  CM  KN  rH  rH  CM  KN  rH  KN  KN  rH  KN  CM  KN  KN 

HCMKN^LAVDt--C0avOH(MKNTtinvOt^C0avOH0JrAM-lAVD^Q0a\O 

vovovovovovovovovo  f—  f—  t —  t —  f —  f-—  c —  t —  f*~  f —  cococococooococdcdco  on 

knknknknknknknknknknknnnknknknknknknknknnnknknknknknknknknkn 


lt\  ao  mm^^tF'-mF-ONVo  m  ao  m  go  kn  cm  kn  ri  cm  kn  cm  f-  cm  $o  LDri 

MO  ^  CO  o  K>0  O  NN  K\  VO  CM  Ln  o  O  KN  V£)  GO  CM  t“—  KN  CM  CO  ^  ON  CD  LTV  l£A 

KNH  CM  KN  H  C\J  I — I  KN  I — I  CM  KN  rH  rH  KN  CM  H  CM  KN  CM  KVCV 


rH  CM  KN  ^  UN  MO  F~  00  ON  O  H  CM  KN  ^  LT\  VO  C  00  CTN  O  rH  CM  KN^UNVOt'-OOONO 
Kv  KN  kn  kn  f*~\  kn  kn  kn  kn  ■M-  UN  un  un  un  UN  un  UN  lTN  LfN  LfN  VO 

NNK\KNKNmmNNKNKNK\mNNKNKNNNKNK\KNKNK\NNKNKNK\KNKNKNKNKNKN 


h-  m  on  co  cm  m-h  vo  mao  rHC^vo^foo  moo  VO  ON  ^mo  moo  m  o  on  o  cm 

vo  m  on  m  cm  cm  on  f*-  f—  m  kn  vo  c  on  m  rH  vo  mmooo  co  cm  vo  ^  m  on  m  m  h 

H  CM  rl  CM  KN  CM  CM  rH  H  CM  m  mCMrHCMrHHmCMCM  rH  CM  rH  m 


H  cm  m  h-  m  vo  r—GD  on  o  h  cm  mxtmvo  f-  ao  ono  rH  cvi  m^mvo  f~~  ao  ono 

OOOOOOOOOHHrHHHrHrHiHrHHCMCMCMCMCMCMCMCMCMCM  KN 

k\  nn  kn  m  m  m  m  m  m  m  m  m  m  m  m  m  m  m  m  m  m  m  m  m  m  m  m  m  m  m 


r\j  -rrf  C —  ON  F —  VD  O  MO  rH  rH  m  NN  UN  F--  NN  O  CM  MO  ON  VO  mvO  O  ON  m  VO  ^  ^  F-p 

IAH  LAH  O  (NH-H  H  (NO  M"VO  CM  W  MO  CM  CM  O  OV  KN  M"  KN  ICN  VO  M- m 

mrHCMmrHrH  CM  KN  CM  CM  CM  rH  CM  CM  rl  m  CM  m  CM  rl  CM  CM  CM  m 


rl  CM  rOM-mvO  N00  ON  O  H  CM  NN  ^  UN  VO  N-CO  ONO  H  CM  m  ^  LfN  VO  OVO 

c —  c- —  ^ —  t- —  f —  i>—  r —  r —  ao  go  oo  co  ao  ao  go  ao  co  co  onononononononononono 

CMCMCMCMCMCMCMCMCMCMCMCMCMCMCMCMCMCMCMCMCMCMCMCMCMCMCMCMCM  m 


O  rl  F —  KN  rl  CM  NlArH  LfN'«^FUNNNUNrlVOVO  UN  NN  ^  VO  CM  ^KVCO  CO  CO  mvOrl 
rH  KN  VO  O' — I  CM  ^  00  ON  H  M'Nt'^mOHOOOOOOHCOVDH  M"  ON  N-  H  ON  KN  O 
KN  (H  KN  KN  H  KN  rl  rHrlrl  KNrHrHKNCM  KN  CM  rl  CM  rlrl 


KN 


rl  CM  KN  H-  m  VO  F-  CO  ONO  rl  CM  KV^mVfl  t —  GO  ONO  rl  CM  KN  ^  UN  V0  C—  GO  ONO 

^f^^t^f^^'^t^t^tmmmmmmmmmmvovovovovovovovovoMO 

CMCMCMCMCMCMCMCMCMCMCMCMCMCMCMCMCMCMCMCMCMCMCMCMCMCMCMCMCMCM 


m  O  O  rl  rl  CM  OD  00  ON  O  VO  VO  C —  CM  m  M0  m  rl  rH  00  VD  O  CM  00  F  VO  m  ON  ON 

CM  O  NVO  VD  00  CM  KK  F —  O  00  C —  CM  MO  H  CO  VO  F-  VO  KN  rl  m  rl  ON  CM 

CM  M*C\]  H  <M  mCM  CM  KN  rH  CM  CM  rH  KN  m  NNCM  NN  KN  rH  CM  rl  KN  CM 


rl  CM  m  ’Vt  m  MO  F—  00  ONO  rl  CM  m^frUNMO  N  00  Ov  O  rH  CM  KN  ^fm  VO  C  00  ONO 
HHr-lrHHHHHrHCMCMCM<MCMCMCMCMCMCMKNmmmmmmmmm^- 
CMCMCMCMCMCMCMCMCMCMCMCMCMCMCMCMCMCMCMCMCMCMCMCMCMCMCMCMCMCM 
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table viii  BLOCK  SPECTRUM  LOADINGS 


1 


L. 

0) 

n 

E  n 


CD 

u 


u 

>  C\J 

<J 


=  X 

O)  O 
'  2 


T3  C 

85 


L  » 


3S9BS 


IHEEB 


3  <03 


i  Mobile 


Z\  *30119 


l  *3019 


m 


3coa 


c  c  c 
<D  CD  a> 


l  * 


SB 


*1  Q  G  Q 

(V\  N  fM  ^  ^  'S 

''  ^  ^  ^  ^  ^ 


ts  ^ 

^  JOQ 
CM  'T 


Vj\  q 


^  B  ^  ^  ^  *N 


~l  I  I  I  I  I  I  I 


+  N  "H  +  H  N 


wm 


v$  In 


^1  's 

*  N 


fiS  fO  N 
I  1  I 


Ci  ^  CsJ  ^ 

N  <  <  < 

till 


24 


25 


E  Spec 
E  Spec 


Cumulative  Occurrences  in  4000  Pit.  Hrs 
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Nz  in  g '  s 


Figure  2 


MIL-A-8866  Cumulative  Negative  Nz  Curve 


Cumulative  Occurrences  in  4000  Pit.  Hrs 


Nz  in  g '  s 

Fi g\are  j5  Cumulative  Occurrences  (Modified) 
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Cumulative  Occurrences  in  4000  Pit.  Hrs 


2.4  DATA  PRESENTATION  AND  ANALYSIS 

Const-ant  amplitude  and  spectrum  loading  (both  block  and  realistic  spectrum  testing) 
fatigue  tests  have  been  conducted  on  a  wide  variety  of  composite  joint  specimens  to 
obtain  S-N  data  to  develop  a  better  understanding  of  the  fatigue  phenomena  of  built-up 
composite  structures.  This  program  includes  bonded  and  mechanically  fastened  joints 
with  various  parametric  studies  intended  to  cover  a  broad  spectrum  of  possible  joint 
geometric  variables.  The  individual  phases  of  the  program  are  defined  in  terms  of 
specimen  geometry  as  follows: 

Phase  I  -  Small  scale  specimens  of  one-inch  width 

Phase  II  -  Medium  scale  specimens  of  2  to  3-inch  width 

Phase  III  -  Large  scale  specimens  of  ten-inch  width 

A  detailed  discussion  and  evaluation  of  the  fatigue  data  developed  in  this  program  is 
included  in  paragraphs  2.4.2  Constant  Amplitude  Tests  and  2.4.3  Spectrum  Loading 
Tests.  The  test  parameters  and  details  of  each  test  specimen  configuration  are  included 
in  2.4. 1 .  In  paragraph  2.4.2  all  fatigue  data  are  plotted  as  stress  versus  cycles  to 
failure  and  where  sufficient  test  points  exists,  the  logarithm  mean  value  of  N  cycles 
for  each  test  group  (at  a  constant  stress  value)  was  calculated  and  the  S-N  curve  drawn 
as  nearly  through  these  log-mean  points  as  possible. 

For  those  Phase  I  specimens  considered  as  baseline,  to  which  all  other  parametric  tests 
are  compared,  sufficient  data  has  been  developed  to  establish  S-N  curves.  These 
specimens  are  identified  as  Configuration  IA1 1 1  (bonded  joints)  and  IE111  (mechanically 
fastened  joints),  see  Tables  XII  and  XV,  and  S-N  curves  have  been  developed  for 

-)-0. 10  and  R—  -1 .0  for  each  configuration  and  also  R=+10.0  for  IA1 1 1  specimens. 
In  subsequent  program  tasks  for  evaluation  of  the  various  parameters  (ply  stacking,  edge 
distance,  etc.)  data  points  for  that  task  are  plotted  and  the  appropriate  "baseline" 
curve  is  included  on  the  plot  for  direct  comparison.  Also  included  on  each  data  plot 
is  the  range  and  average  of  the  static  test  results.  These  static  test  data  are  plotted  at 
the  1/4-cycle  abscissa  location  in  each  case. 
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In  some  Instances  in  2.4.2,  the  comparison  between  the  baseline  data  and  that  developed 
in  other  tasks  is  made  on  the  basis  of  percent  of  static  allowables.  In  this  report,  the 
term  allowables  pertains  to  the  average  static  strength  determined  from  limited  tests  for 
the  specific  configuration.  These  static  test  data  are  not  to  be  considered  design 
allowables  since  there  are  not  enough  data  available  to  statistically  determine  true 
design  allowables.  The  comparison  as  a  percent  F  or  is  made  for  the  different  sets 
of  data  at  the  same  number  of  cycles  and  value  of  R  and  provides  a  good  evaluation  of 
the  fatigue  endurance  or  strength  between  two  or  more  joint  concepts.  This  can  be  used 
then  in  the  parametric  or  preliminary  design  evaluation  of  various  joint  configurations 
to  evaluate  fatigue  endurance  on  the  basis  of  joint  static  strength. 

In  order  to  monitor  and  preclude  specimen  heating  with  repeated  application  of  load, 
thermocouples  were  installed  on  each  specimen  and  the  maximum  rate  of  cyclic  load 
application  was  1800  cpm.  The  maximum  allowable  temperature  rise  during  any  test 
was  established  at  10°F  above  ambient,  and  was  maintained  throughout  the  program. 

One  of  the  parameters  for  evaluation,  in  the  Phase  I  bonded  joint  program,  is  fiber 
orientation  and  test  plans  included  0°/±45°  as  the  baseline  and  0°/90°  for  comparative 
evaluation.  Static  control  tests  on  single  splice  butt  joint  specimens  with  8-ply  0  /90 
orientation  yielded  low  laminate  strengths.  Investigation  into  the  cause  of  the  low 
strength  exhibited  by  these  specimens  revealed  that  the  low  strength  was  induced  by  the 
use  of  peel  plies  on  the  bonding  surfaces.  Smooth  surface  specimens  tested  for  compar¬ 
ative  purposes  developed  predicted  ultimate  strength  for  the  fiber  orientation.  The 
thicker  (16-ply)  0°/90°  specimens  also  exhibited  low  tensile  strength;  however,  the 
strength  of  these  laminates  was  sufficient  to  develop  required  load  to  evaluate  the  joint. 

The  test  data  developed  from  this  comprehensive  fatigue  evaluation  of  bonded  and 
mechanically  fastened  composite  joints  are  presented  in  the  following  sections. 
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2.4.1  Test  Specimen  Definition 


In  this  program  four  basic  concepts  of  aircraft  structural  joints  have  been  evaluated  as 
discussed  in  paragraph  2.2.  For  identification,  the  bonded  joints  are  designated  as 
Configuration  A  through  D  and  the  mechanically  fastened  joints  as  Configurations  E  and 
F.  Test  specimen  identification  for  all  program  phases  is  as  shown  in  Tables  X  through 
XV.  This  includes  a  definition  of  the  type  of  specimen,  test  parameters,  and  number  of 
specimens  required  to  accomplish  the  objectives  of  this  program.  Accompanying  drawings 
for  the  small  scale,  Phase  I  specimen  configurations  are  presented  in  Figures  12  through 
17.  The  Phase  II  and  III  specimens  are  identical  except  for  width. 

2.4.2  Constant  Amplitude  Tests 

To  accomplish  the  overall  goals  of  this  program,  two  types  of  fatigue  tests  have  been 
conducted;  (1)  Constant  amplitude  tests  to  develop  basic  S-N  data  for  composite  joints 
and  (2)  Spectrum  loading  tests  -  block  and  realistic  spectrum  testing,  simulating  fighter 
aircraft  wing  maneuver  loads.  The  objectives  of  the  constant  amplitude  test  program 
are,  to  develop  basic  composite  joints  fatigue  data  in  sufficient  quantity  for  parametric 
studies,  cumulative  damage  analyses,  to  aid  in  developing  a  better  understanding  of 
the  basic  fatigue  phenomena  of  joints,  and  to  develop  design  guidelines.  The  parameters 
that  have  been  evaluated  here  for  the  four  basic  joint  configurations  include  the 
following: 

o  Adherend  combinations 
o  Filament  orientation 
o  Ply  stacking 

o  Lap-length  -  bonded  joints 

o  Strength  and  stiffness  degradation 

o  Adhesive  systems 
o  Low  cycle  fatigue 
o  Pre  load 

o  Rate  of  load  application 

o  Edge  distance  -  mechanically  fastened  joints 
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o 


Pinned  joints 
o  Fastener  Torque 

o  Joint  Reinforcement 

o  Width  of  specimen 

o  Stress  ratio,  R 

Baseline  S-N  data  have  been  developed  for  both  bonded  and  mechanically  fastened 

joints  at  three  stress  range  ratios,  R  =  +0.10,  -1.0,  and +10.  Using  these  data,  constant 
life  diagrams  have  been  constructed  (Figures  18  and  19)  and  utilized  as  the  basis  for  the 
cumulative  damage  analyses  discussed  in  2.4.3.  These  data  also  form  the  basis  for 
evaluating  the  various  parametric  studies  listed  above.  In  addition  to  the  bonded  joint 
fatigue  tests,  both  static  and  fatigue  tests  on  the  EPON  EA  9601  adhesive  have  been 
conducted.  Test  results  are  presented  on  the  Materials  Verification  and  Checkout  Data 
Forms  and  an  S-N  curve  is  shown  in  Figure  20.  These  test  data  show  the  ultimate  shear 
strength  to  be  high  and  a  good  fatigue  life  was  obtained  for  the  range  of  stress  levels 
used. 

The  following  sections  present  the  test  data  for  each  of  the  four  basic  joint  concepts 
included  on  this  program.  These  four  concepts  are  identified  as  bonded  joint 
Configurations  A  through  D  and  Configurations  E  and  F  for  the  mechanically  fastened 
joints.  For  reference.  Tables  XVI  and  XVII  list  the  phase  task,  specimen  drawing 
number,  and  figure  number  for  all  the  constant  amplitude  S-N  data. 
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TABLE  X 


ALTERNATE  ADHERENT)  MATERIALS  EVALUATION 
GRAPHITE  EPOXY  AND  GLASS  EPOXY  COMPOSITES 


COMPOSITE 

MATERIAL 

JOINT 

CONFIGURATION 

FATIGUE  TESTS 
AT  R  =  0.1 

STATIC 

CONTROLS 

Graphite  Epoxy 

"A" 

10 

3 

Glass  Epoxy 

"A" 

11 

3 

TOTALS 

21 

6 

TABLE  XI 

MATERIAL  VERIFICATION  AND  CHECKOUT  TESTS 
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SPECIMEN  IDENTIFICATION 
EVALUATION  -  ALTERNATE  ADHEREND  MATERIALS 


A  0.1 
B  Static 


MATERIAL 

1  Graphite  Epoxy 

2  Glass  Epoxy 


1 - - - EVALUATION  -  Basic 

(Table  X) 

Specimen  E1B01  identifies  the  number  one  static  test  specimen  for  basic  evaluation 
of  graphite  epoxy. 


SPECIMEN  IDENTIFICATION 
VERIFICATION  OF  MATERIALS 


(Table  XI) 

Specimen  V1B04  identifies  the  number  4  fatigue  specimen  to  be  tested  at  a  stress 
ratio  of  R  »  -1.0  for  verification  of  material  strength  for  a  0°/+45°  boron 
laminate . 


BONDED  JOINTS  EVALUATION 
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SPECIMEN  IDENTIFICATION 
BONDED  JOINTS  -  PHASE  I 


SPECIMEN  NO. 
1  Thru  99 


STRESS  RATIO 
A  O.I 
B  -1.0 
C  10 
D  Static 
E  Test  Setup 
F  Spectrum  -  Block 
G  Spectrum  -  Realistic 

SPLICE  MATERIAL 

1  Boron/Ti 

2  Boron/Al 

3  Boren/Boron 

4  Ti/Boron 


ORIENTATION 


1  0/+45 

2  0/90 


PHASE  TASK 

1  Baseline  Data 

2  Ply  Stacking 

3  Lap  Length  -  Short 

4  Thickness 

5  Degradation 

6  Second  Adhesive 

7  Cumulative  Damage 

8  Preload/Load 

9  Lap  Length  -  Long 

JOINT  CONFIGURATION 

A  Single  Splice  Butt 
B  Single  Scarf  Butt 
C  Surface  to  Under  Structure 
D  Double  Splice  Butt 


PROGRAM  PHASE 
(Table  XII) 


Specimen  number  IB121A06  identifies  a  specimen  for  Phase  I  with  a  single  scar, 
butt  configuration  for  generating  base  line  data  on  0°/90°  specimen  joined  to 
titanium  and  tested  at  a  stress  ratio  of  R  -  +0.1.  The  specimen  number  withjj 
this  set  is  number  8. 


TABLE  XIII 


BONDED  JOINTS  EVALUATION 
PHASE  II  -  MEDIUM  SCALE  SPECIMENS 


JOINT  CONFIGURATION 

"A" 

"B" 

TOTALS 

ADHEREND  COMBINATIONS 

Boron/Ti(Al*) 

Boron/Ti 

LOADING  STRESS  RATIO 

0.1  10  (ST) 

0.1  10  (ST) 

V 

PROGRAM  TASK 

NUMBER  OF  SPECIMENS 

FAT.  (ST) 

BASELINE  DATA 

15*  5  10** 

10*  6  7** 

56  (17) 

DEGRADATION  OF 

JOINT  PROPERTIES 

10* 

10 

LAP  LENGTH  EFFECTS 

1 .  Short  Lap 

2.  Long  lap 

5  5  (6) 

5  (5) 

5  (3) 

10  (6) 

CUMULATIVE  DAMAGE 
EVALUATION  FOR  BLOCK 
SPECTRUM  LOADING 

DO 

5 

TOTALS 

66  26 

*  Five  (5)  specimens  from  each  of  the  indicated  groups  are  to  have 
boron  composite  -  aluminum  adherends* 


**  Three  (3)  specimens  aluminum. 


45 


TABLE  XIV 


BONDED  JOISTS  EVALUATION 
PHASE  TTI  -  LARGE  SCALE  SPECIMENS 


JOINT  TYPE 

"A” 

"B" 

TOTALS 

ADHERENDS 

Boron/Ti  (Al*) 

Boron/Ti 

STRESS  RATIO 

0.1  -1.0  10  (ST) 

0.1  -1.0  (ST) 

FAT. 

(ST.) 

PROGRAM  TASK 

NUMBER  OF  SPECIMENS 

AXIAL  LOADING 

FOR  URGE  JOINTS 

2*  2*  1  (2*) 

8** 

1  1  (5**) 

7 

13 

COMPLEX  LOAD 
EVALUATION  FOR 
BLOCK  SPECTRUM 
CYCLING 

[1] 

W 

- 

2 

■ 

TOTALS 

9 

13 

*  One  (l )  specimen  of  each  group  indicated  is  to  have  boron  composite 
-  aluminum  adherends. 


**  1"  wide  static  specimens. 
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Specime: 
titaniu: 
loading 
is  numb 


MECHANICAL  JOINTS  EVALUATION 
SMALL  AND  MEDIUM  SCALE  SPECIMENS 
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Sub  Totals 


SPECIMEN  IDENTIFICATION 
MECHANICAL  JOINTS  -  PHASE  I  &  II 


SPECIMEN  NO. 
1  Thru  99 


STRESS  RATIO 

A  0.1 
B  -1.0 
C  10 
D  Static 
E  Test  Setup 
F  Spectrum  -  Block 
G  Spectrum  -  Realistic 

JOINT  ELEMENTS 

1  Boron/AL 

2  Boron/Boron 


TEST  VARIABLE 
1  Thru  3 

(orient.,  e/D,  &  Ti  inserts) 


PHASE  TASK 

1  Baseline  Lata 

2  Stacking  Order 

3  Edge  Listance 

4  Thickness  Effects 

5  Preload/Low  Cycle 

6  Cumulative  Lamage 

7  Pinned  Joints  -  e/L  Eval. 


JOINT  CONFIGURATION 

E  Single  Splice  Butt 
F  Surface  to  Under  Structure 


PROGRAM  PHASE 


I  Small  Scale  Spec. 

II  Medium  Scale  Spec . 

(Table  XV) 

Specimen  number  IE311A03  identifies  a  specimen  for  Phase  I  with  a  single  butt 
configuration  for  evaluation  of  fastener  edge  distance  in  a  composite  containing 
titanium  skins  joined  so  an  aluminum  splice  plate.  The  specimen  will  be  tested 
at  a  stress  ratio  of  R  =  +0.1  and  is  specimen  number  3  within  the  set  of  specimens. 
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TABLE  XVI  INDEX  OF  BONDED  JOINT  FATIGUE  DATA 


Specimen  Adherend  Lurv€ 

Code  Phase  Task _ Combinations _ Drawing  Number  Figure  No 


IA111A 

JA111B 

IA111C 

IA112A 

IA113A 

IA211A 

IA213A 

I  A3 11 A 

IA312A 

IA313A 

IA411A 

IA613A 

IA811A 

1A911A 

IA911C 

IB111A 
IB111C 
IB112A 
IB  1 21 A 
IB211A 
IB311A 
I  Cl  1 1 A 

ID111A 

ID114A 

MAI  1 A 
IIA11C 
I1A12A 
IIA91A 
IIA91C 

MBIT  A 
I  IB  1 1C 
IIB12A 
IIB31A 

El  A 
E2A 


Baseline  Data 
Baseline  Data 
Baseline  Data 
Baseline  Data 
Baseline  Data 
Ply-Stacking 
Ply-Stacking 
Short  Lap  Length 
Short  Lap  Length 
Short  Lap  Length 
Thickness  Effects 
Second  Adhesive 
Preload/ Low  Cycle 
Long  Lap  Length 
Long  Lap  Length 

Baseline  Data 
Baseline  Data 
Baseline  Data 
Baseline  Data 
Ply  Stacking 
Short  Lap  Length 
Baseline  Data 


Boron:  Ti:  Boron 
Boron:  Ti:  Boron 
Boron:  Ti:  Boron 
Boron:  Al:  Boron 
Boron:  Boron:  Boron 
Boron:  Ti:  Boron 
Boron:  Boron:  Boron 
Boron:  Ti:  Boron 
Boron:  Al:  Boron 
Boron:  Boron:  Boron 
Boron:  Ti:  Boron 
Boron:  Boron:  Boron 
Boron:  Ti:  Boron 
Boron:  Ti:  Boron 
Boron:  Ti:  Boron 

Boron:  Titanium 
Boron:  Titanium 
Boron:  Aluminum 
Boron:  Titanium 
Boron:  Titanium 
Boron:  Titanium 
Boron:  Titanium 


Baseline  Data 
Baseline  Data 

Baseline  Data 
Baseline  Data 
Baseline  Data 
Long  Lap  Length 
Long  Lap  Length 

Baseline  Data 
Baseline  Data 
Baseline  Data 
Short  Lap  Length 

Baseline  Data 
Baseline  Data 

Adhesive 

Evaluation 


Boron:  Titanium 
Titanium:  Boron 

Boron:  Ti:  Boron 
Boron:  Ti:  Boron 
Boron:  Al:  Boron 
Boron:  Ti:  Boron 
Boron:  Ti:  Boron 

Boron:  Titanium 
Boron:  Titanium 
Boron:  Aluminum 
Boron:  Titanium 

Graphite:  Ti: 

Graphite 
S  Glass:  Ti: 

S  Glass 

Titanium 


7226- 1 302 1  A- 1 A 
7226-1 3021  A- 1 A 
7226-1 3021  A- 1 A 
7226-1 3021  A- 1C 
7226- 13021  A- IB 
7226-1 3021 A-5A 
7226-1 3021 A-5B 
7226-1 3021 A-9A 
7226- 13021  A- 9B 
7226-1 3021 A-9C 
7226- 1302 1  A- 13A 
7226- 13021  A- 1BX 
7226-1 3021  A- 1 A 
7226-1 302 1  A- 11 A 
7226-1 302 1  A- 11 A 

7226-1 302IB-1 A 
7226-1 3021  B-l  A 
7226—  1 302IB—  1 B 
7226-1 302IB-3A 
7226-1 3021 B-5A 
7226-1 3021 B-9A 
7226-1302IC-1 A 

7226-1302ID-1 A 
7226- 1 3021 D- IB 

7226- 13021  A- 1 A 
7226-1 3021  A- 1 A 
7226-1 3021  A- 1C 
7226-1 302 1  A- 11 A 
7226- 1302 1  A- 1 1 A 

7226-1 302 1  B-l  A 
7226-1 302 1  B-l  A 
7226- 1 3021 B- IB 
7226-1302IB-9A 

7226-1 302IB-1 A 
7226-1 302IB-1 A 


21 

22 

23 

25 

24 

32 

33 

35 

36 

37 

41 

42 

43 

39 

40 

26 

27 

28 

29 

34 

38 

46 

30 

31 

47 

48 

51 

53 

54 

49 

50 

52 

55 

44 

45 


20 
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TABLE  XVII  INDEX  OF  MECHANICAL  JOINT  FATIGUE  DATA 


Specimen 

Code 

Phase  Task 

Joint  Elements 

Drawing  Number 

S-N  Curve 
Figure  No. 

IE111A 

Baseline  Data 

Boron:  Titanium 

7226-1302IE-1 A 

56 

IE  1 1  IB 

Baseline  Data 

Boron:  Titanium 

7226-1302IE-1 A 

57 

IE112A 

Baseline  Data 

Boron:  Boron 

7226- 1 3021 E- IB 

58 

IE  122 A 

Baseline  Data 

Boron:  Boron 

7226-1 302 IE-3B 

59 

IE211A 

Stacking  Order 

Boron:  Titanium 

7226- 1 3021 E-5A 

60 

IE211B 

Stacking  Order 

Boron:  Titanium 

7226-1302IE-5A 

61 

IE311A 

Edge  Distance  Effects 

Boron:  Titanium 

7226-1 3021 E-7A 

62 

IE321A 

Edge  Distance  Effects 

Boron:  Titanium 

7226-1 302IE-9A 

63 

IE411A 

Thickness  Effects 

Boron:  Titanium 

7226— 1 302IE— 1 1 A 

64 

IE421 A 

Thickness  Effects 

Boron:  Titanium 

7226-1 302IE-13A 

64 

IE511 A 

Preload/ Low  Cycle 

Boron:  Titanium 

7226—  1 3021 E — 1 A 

65 

IE711A 

Pinned  Joints 

Boron:  Titanium 

7226-1302IE-15A 

66 

IE721A 

Pinned  Joints 

Boron:  Titanium 

7226-1302IE-17A 

66 

IE731 A 

Pinned  Joints 

Boron:  Titanium 

7226—  1 302IE— 1 9A 

66 

IIElllA 

Baseline  Data 

Boron:  Titanium 

7226-1 3021  E-l  A 

69 

IF113A 

Baseline  Data 

Boron:  Aluminum 

7226—  1 3021 F—  1 A 

67 

IF413A 

Thickness  Effects 

Boron:  Aluminum 

7226-1 3021 F-3  A 

68 
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A  FAB  PER  STP  51  -504 

K x  FABRICATE  15  -1ASPECJMEN  ASSYS  AMD  13  -1BSPEC1MEN  ASSYS  WITH 
EXCEPTION-  BOND - 29 SPLICE  AND  -31  SPUCfc  USING  METLBOKiD  329 
ADHESIVE  -CURE  AT  350*  F  FOR  ONE  HOUR  AT  1SPS1  TO  50  PSt 
WITH  HEATUP  RATETH1RTY  MINUTES  TO  TWO  HOURS.  -  IDENTIFY  AS 
-\AX  SPECIMEN  ASSY  AND  -1BX  SPECIMEN  ASSY  RESPECTIVELY 

A  BONO  USING  STM  50- 102  TYPE  HI  OGOPSF  -  BOND  LINE  TOLERANCE  ±  .0015 

A  OUTER  SURFACES  SHALL  BE  FLAT  AND  PARALLEL  WITHIN  .002 

A  BOND  USING  STM  30-102 TYPE  HI  045  PSF 

A  NARMCO  5505  BORON  FILAMENT 

A  REMOVED 

A  FAB  PER  DS  30004 

A  CLOSE  TOUERAUCE  PER  DS  50009 - FAB  PER  ST  P  51  -  304 

A  REMOVED 


rA5  PLY  I 
•O  PLY 
‘45*  PLY 
|90*  PLYNC 
-O*  PLY 
v  /-AS* 

<3>(-2l  4-49) - 


<£x-n,-3i4-3^)<^ 

<2)(-19t-4T)-^ 


45* 


— — I 
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L 
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L 
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LOAD  TAB  2Q24--T3  1  QQ-A-250/4 

spuct  A  A 
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BOK1DED  JOIK1T  EVALUATIOM 
PHASE  I ,  COUHGURAT  lOkl  'A 
SMALL  SCALE  SPECIMENS 


FATIGUE  TEST 
STATIC  TEST 


SIZE  COOE  IDCMT  DWG  NO. 
NUMBER  7") 


Figure  12 


7226-I302IA 


SCALE  MOkifc 


OGAt  001 
.O59±00Hi 


-4  PLIES  PER  STEP 


.0381  001 


Oi  j  i  r~c  084  1  002 
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DETAIL  C 


DETAIL  B 


DETAIL  D 
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Figure  1 3 
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2.3,4,S,fc,7,©  REF 
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Figure  15 
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Figure  18.  Constant  Life  Diagram,  Haase  I,  Configuration  A  Specimens 
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Cycles  to  Failure 

Figure  20  Fatigue  Data  for  Single  Butt  Joint  Adhesive  Evaluation 
EPON  9601  Configuration  A,  R  =  +  0.10 


2.4.2. 1  Phase  I  Bonded  Joint  Analysis 


This  phase  of  the  overall  program,  as  defined  in  Table  XII,  includes  tests  of  1 .01' wide 
specimens  of  the  four  basic  joint  configurations.  Adherend  combinations,  stacking  order, 
thickness,  lap  length,  etc.  are  evaluated  and  compared  to  the  baseline  data.  Specific 
details,  test  data,  and  analysis  for  the  various  program  tasks  are  included  in  the 
following  sections. 

2.4.2. 1 . 1  Baseline  Data  -  Fatigue  data  have  been  developed  for  three  adherend 
combinations  (Boron/Ti,  Boron/Boron,  and  Boron/AI)  for  the  four  basic  joint  configurations 
(A,  B,  C,  and  D).  To  establish  a  data  base.  Configuration  A  with  0°/±45°  fiber  orien¬ 
tation  and  the  Boron/Ti  adherend  combination  has  been  evaluated  in  detail  and  is  the 
standard  to  which  all  Phase  I  bonded  joint  data  is  compared.  These  specimens  are 
identified  as  I A 1 T 1  A,  B,  or  C,  see  Table  XII.  Fatigue  curves  for  these  specimens  are 
presented  in  Figures  21  through  23  and  the  constant  life  diagram  developed  from  these 
data  is  shown  in  Figure  18.  These  S-N  curves  are  presented  as  average  joint  shear  stress 
versus  cycles  to  failure.  It  should  be  noted  that  for  R  =  +10.0,  the  value  of  F^  max. 

plotted  is  the  most  negative  stress  or  F  .  in  calculation  of  R  and  not  F  .  Generally 

min  max 

the  fatigue  data  are  consistent  in  that  scatter  for  any  given  set  of  data  points  rarely 
exceeds  one  decade. 

As  a  part  of  the  I A  baseline  testing,  three  adherend  combinations  have  been  evaluated. 
When  compared  to  the  Boron/Ti  baseline,  the  Boron/Boron  combination  has  approximately 
the  same  average  fatigue  life,  but  somewhat  larger  scatter,  see  Figure  24.  The 
Boron/AI  combination  exhibits  a  shorter  fatigue  life  than  the  baseline  (Figure  25)  due 
to  the  increase  in  peak  stress  resulting  from  the  residual  thermal  stress,  see  Volume  I 
on  this  report  for  stress  analysis  procedures.  The  Boron/Ti  joint  appears  to  have  the 
best  fatigue  endurance  for  the  single  splice  bonded  butt  joint;  however,  the  final  choice 
is  dependent  on  specific  design  conditions  as  discussed  in  detail  in  2.5,  Fatigue  Analysis. 
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Additional  baseline  tests  were  run  with  Configuration  IB,  a  stepped  scarf  joint.  For 
comparison  with  the  baseline,  tests  have  been  run  at  R  =  +0.10and  +10.0  and  include 
both  Boron/Ti  and  Boron/Al  adherend  combinations.  Figures  26  and  27  show  the  com¬ 
parison  between  I A  and  IB  at  the  two  stress  ratios  considered.  The  IB  data  appear  to 
show  a  somewhat  shorter  fatigue  life;  however,  comparison  between  the  two  joints  is 
good  when  based  on  the  fatigue  strength  as  a  percentage  of  the  static  allowables.  The 
S-N  data  for  IB  with  the  Boron/Al  adherend  combination,  Figure  28,  developed  longer 
lives  than  anticipated  as  all  specimens  failed  in  the  aluminum  which  is  not  unrealistic 
since  the  boron  and  aluminum  are  the  same  thickness.  This  is  not  a  good  illustration  of 
the  fatigue  strength  of  the  joint,  however,  but  does  allow  increased  confidence  in  this 
joint  as  compared  to  an  all  aluminum  joint. 

Test  data  for  Configuration  IB  with  0  /90  orientation  and  boron  adherends  are  shown 
in  Figure  29.  This  fiber  orientation  results  in  improved  fatigue  strength  as  compared  to 
the  0°/±45°,  IB  data.  Also,  the  0°/90°  orientation  in  Configuration  IB  specimens  gives 
approximately  a  10%  increase  in  fatigue  strength  over  the  IA  baseline  data,  when 
compared  on  the  basis  of  percent  of  static  allowables. 

The  baseline  data  for  the  two  variations  of  Configuration  ID  are  shown  in  Figures  30  and 
31 .  By  comparison  of  these  data  with  the  baseline  data  for  the  Configuration  A  specimens, 
it  can  be  seen  that  the  static  and  fatigue  strength  of  these  two  configurations  are  approxi¬ 
mately  equal.  This  close  comparison  was  anticipated  based  on  the  symmetry  and  similar¬ 
ity  of  designs  and  the  method  of  testing.  Based  on  the  analysis  of  this  joint  configuration, 
these  data  may  be  combined  with  those  developed  for  the  Configuration  A  specimens  to 
better  define  the  fatigue  capability  of  the  single  overlap  butt  joint. 

2. 4. 2. 1.2  Ply  Stacking  -  In  order  to  evaluate  ply  stacking  or  sequence  of  fiber 

orientation,  several  Configuration  IA  and  IB  specimens  have  been  tested  with  ±45  /0 
fiber  orientation  for  comparison  with  the  0°/±45  baseline  test  data.  Boron/Ti  and 
Boron/Boron  adherend  combinations  have  been  evaluated.  Comparison  with  the  IA 
baseline  data  shows  that  the  ±45°/0°  stacking  has  equivalent  fatigue  strength.  Data 
for  this  evaluation  are  presented  in  Figures  32  through  34. 
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Data  in  Reference  7  show  the  ±45°/0°  fiber  orientation  with  the  Narmco  5505  boron- 
epoxy  to  have  improved  strength  compared  to  the  same  material  wi  th  the  0°/±45° 
orientation.  The  static  test  results  here  do  not  support  this  trend,  as  evidenced  by 
comparing  the  range  of  static  test  results  for  the  IA21 1  specimens  and  the  data  from  the 
IA1 1 1  configuration.  The  range  of  average  joint  shear  stress  for  the  ±45°/0°  specimens 
is  5300  to  5500  psi  whereas  the  range  for  the  0°/±45°  specimens  is  4200  to  6300  psi. 
The  higher  static  test  data  for  the  0°/±45°  orientation  are  from  specimens  identical  to 
the  baseline  specimen  (average  static  strength  of  4500  psi)  which  were  fabricated  for 
the  degradation  of  joint  fatigue  evaluation.  It  is  concluded,  then,  that  the  two  fiber 
orientations  considered  here  have  equivalent  fatigue  and  static  strength  within  the 
scatter  of  the  data  included.  This  is  true  for  both  the  Boron/Ti  and  Boron/Boron 
adherend  combinations  considered. 

2.4.2. 1 .3  Lap  Length  -  For  the  bonded  joint  designs,  the  effect  of  lap  length  on 
fatigue  endurance  is  an  important  parameter  to  consider.  In  this  program  both  short 
and  long  lap  length  effects  have  been  evaluated  for  comparison  with  the  baseline  data. 
Specimen  Codes  for  these  tests  are  I  A3  and  IB3  for  short  lap  length  and  IA9  for  the  long 
lap  length.  Three  adherend  combinations  (Boron/Ti,  Boron/Boron,  and  Boron/AI)  are 
considered  and  all  fiber  orientation  is  0°/±45°. 

The  data  presented  in  Figures  35  through  38  show  the  effect  of  the  short  overlap  as 
compared  to  the  standard  0.75"  overlap  for  each  of  the  three  IA  baseline  adherend 
combinations.  The  fatigue  endurance  of  the  Boron/Ti  and  Boron/Boron  specimens  with 
this  short  overlap  is  equivalent  to  the  standard  overlap,  baseline  data;  however,  the 
Boron/AI  combination  shows  a  reduction  in  fatigue  strength.  This  is  in  keeping  with 
the  test  results  for  the  standard  0.75"  overlap  with  the  aluminum  adherend  where  it 
was  concluded  that  the  reduction  in  fatigue  strength  is  due  to  increased  peak  stress  in 
the  joint  resulting  from  induced  thermal  stresses. 

The  long  lap  length  data  (1 .0"  overlap)  are  presented  in  Figures  39  and  40  along  with 
the  baseline  data  for  the  0.75"  overlap.  As  noted,  the  longer  overlap  results  in  a 
reduced  fatigue  endurance  either  in  a  direct  comparison  or  when  compared  on  the  basis 
of  percent  of  the  static  allowables. 
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Based  on  these  tests  and  subsequent  Phase  II  and  III  data,  the  shorter  lap  lengths 
(0.50"-0.75")  appear  to  approach  an  optimum  design  for  both  the  butt  splice  and  the 
stepped  scarf  joint.  This  of  course  is  related  to  the  joint  L/ 1  ratio  and  is  further  sub¬ 
stantiated  by  test  results  from  other  program  tasks.  Specific  conclusions  and  recommen¬ 
dations  are  discussed  in  2.5,  Fatigue  Analysis. 

2. 4. 2. 1.4  Thickness  Effects  -  To  determine  what  effect  varying  adherend  thickness 
has  on  the  fatigue  endurance  of  the  bonded  joints,  ten  (10)  specimens  identical  to  the 
Boron/Ti  baseline  (IA111)  except  for  adherend  thickness,  were  fabricated  and  tested. 

These  specimens  are  identified  as  IA411  and  have  a  16-ply,  0°/±45  Boron  laminate  in 
lieu  of  the  8-ply,  0°/±45°  baseline.  Test  data  are  presented  in  Figure  41 .  The  increased 
thickness  has  no  degradation  on  the  fatigue  endurance  of  the  basic  joint  concept  (the 

test  data  are  within  the  scatter  of  the  baseline  data)  and  the  results  are  comparable  to 
that  for  the  short  overlap  evaluation.  This  is  as  expected  since  the  increased  thickness 
with  the  standard  lap  length  reduces  the  specimen  L/t  ratio. 

2.4.2. 1 .5  Degradation  of  Joints  -  To  evaluate  the  degradation  of  the  bonded  joints 
with  cumulative  fatigue  cycles.  Configuration  IA  and  IB  specimens  have  been  tested  at 
specific  load  levels  for  a  predetermined  number  of  cycles  and  then  subjected  to  static 
failing  loads.  Joint  stiffness  (the  slope  of  the  load-deflection  curve  taken  about  the 
splice,  over  a  two  inch  gage  length)  and  static  failing  loads  are  used  to  measure  any 
degradation  of  the  joints.  Data  are  presented  in  Table  XVIII  for  Configuration  IA  at 

R  =+0. 10  and +10.0  and  for  Configuration  IB  at  R  =  +0.10.  In  all  instances,  the 
joint  stiffness  and  failing  load  before  fatigue  testing  is  the  average  of  the  static  test 
results. 

Analysis  of  the  data  in  Table  XVIII  does  show  loss  of  joint  stiffness  for  some  of  the  IA51 1 A 
specimens  but  these  reduced  values  are  considered  to  be  within  the  scatter  in  the  data. 
Overall,  there  is  no  apparent  stiffness  degradation  in  the  joints  evaluated.  As  expected, 
the  IA511A  and  C  specimens  show  a  loss  of  strength  after  application  of  repeated  cycles, 
with  the  R=+0.10  data  showing  the  greatest  loss.  The  IB  stepped  scarf  joint  shows 
practically  no  loss  of  strength  compared  to  the  average  static  test  results. 
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Previous  investigators  have  evaluated  the  residual  strength  of  boron-epoxy  laminates. 

Reference  8,  by  cycling  test  specimens  to  a  prescribed  percentage  of  its  lifetime  and 

then  statically  failing  each  specimen  to  evaluate  residual  strength.  The  specimens 

involved  include  the  Narmco  5505  boron-epoxy  with  0°/±45°  fiber  orientation.  These 

laminated  specimens,  K^=  1.0,  show  the  same  trend  as  the  joints  evaluated  in  this 

program  as  regards  residual  strength.  For  a  stress  ratio  of +0.10  there  is  no  significant 

5 

strength  degradation,  compared  to  the  average  static  test  results,  at  N  =  3  x  10  cycles. 

There  is  only  a  15%  reduction  at  3  x  10^  cycles.  For  the  tension-tension  fatigue  tests 

of  the  bonded  lap  joints  (IA511A),  there  is  approximately  a  15%  reduction  in  strength 

at  2  x  10^  cycles,  when  comparing  average  strength  values.  The  compressive  tests  show 

approximately  a  10%  reduction  in  strength  after  the  same  number  of  cycles.  The  bonded 

5 

scarf  joint  results  show  no  decrease  at  N  =  2  x  10  cycles  which  is  in  keeping  with  the 
basic  boron-epoxy  laminate  test  results. 

Post  fatigue  test  data  for  several  Phase  I  specimens  that  did  not  fail  (run-out  at  approxi¬ 
mately  107  cycles)  during  fatigue  testing  are  included  in  Table  XIX.  These  data  further 
substantiate  the  trends  discussed  above. 

2.4.2. 1 .6  Second  Adhesive  -  The  primary  adhesive  system  for  this  program  is  EPON 
EA  9601,  as  discussed  in  Volume  II,  Specimen  Fabrication;  however,  a  second  adhesive 
has  been  evaluated  as  one  of  the  program  tasks.  This  adhesive  system  is  Metlbond  329, 
and  tests  were  scheduled  with  Boron/Boron  and  Boron/Ti  adherend  combinations.  Test 
data  for  the  Boron/Boron  combination  with  the  Metlbond  329  adhesive  are  presented  in 
Figure  42.  Since  static  tests  on  Boron/Ti  joints  with  this  same  adhesive  yield  low 
strengths,  and  the  fatigue  test  data  in  Figure  42  are  low,  testing  on  the  remainder  of 
the  specimens  was  suspended.  For  the  IA  joints  evaluated  in  this  program,  the  EPON 
EA  9601  adhesive  system  is  superior  to  the  Metlbond  329. 

2. 4. 2. 1.7  Preload/ Low  Cycle  -  Basic  Boron/Ti  adherend  combinations  with  0°/±45° 
fiber  orientation  have  been  tested  to  evaluate  the  effect  of  static  preload  on  the  joint 
fatigue  strength  and  to  obtain  low  cycle  S-N  data.  For  the  tests  to  evaluate  effect  of 
preload,  each  specimen  was  statically  loaded  to  predetermined  tension  stresses  in  the 
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universal  testing  machines,  then  removed  and  reinstalled  in  the  tuning-fork  machines  for 
fatigue  tests.  The  static  preloads  were  determined  by  taking  75  percent,  85  percent, 
and  90  percent  of  a  predetermined  static  value  representing  100  percent  of  design 
ultimate  shear  stress.  This  stress  was  4000  psi  and  was  determined  by  deducting  one 
standard  deviation  from  the  mean  value  of  all  the  tensile  static  ultimate  values  obtained 
for  the  boron/titanium  standard  joint  specimens.  The  R  — +0.10  fatigue  tests  were  per¬ 
formed  in  the  tuning-fork  machines  at  a  maximum  stress  level  of  1400  psi.  Figure  43 
shows  the  preload  fatigue  data  compared  with  the  baseline  fatigue  data  for  a  stress  ratio 
of  R  =  +0.10.  It  appears  that  preloads  of  3000  psi,  3400  psi,  and  3600  psi  do  not 
significantly  affect  the  fatigue  life  of  the  joints  (four  of  the  six  specimens  fall  within 
the  baseline  scatter  band). 

Low  cycle  fatigue  data  are  also  shown  in  Figure  43.  These  specimens  were  tested  in  an 
MTS  electrohydraulic  closed-loop  servo  controlled  system  at  a  cyclic  rate  of  5  cps. 
Attempts  were  made  to  obtain  fatigue  lives  between  2500  and  5000  cycles,  however, 
this  proved  difficult  and  the  test  data  has  a  scatter  band  of  approximately  two  decades. 
These  low  cycle  test  data  have  been  included  with  the  baseiir.e  data  ro  extrapolate  the 
S-N  curves  to  the  1/4-cycle  ultimate  strength  and  as  an  aid  in  developing  the  constant 
life  diagram  for  the  IA  configuration. 


Additional  baseline  data  tests  at  a  stress  ratio  of  R=  -1  .0  and  at  a  cyclic  rate  of  1  cycle 

per  second  were  also  conducted  to  determine  the  influence  of  cyclic  rate  on  fatigue  life. 

These  yielded  the  same  results  as  tests  conducted  at  900  to  1800  cycles  per  minute, 

indicating  that  cyclic  rate  is  not  a  prime  factor  if  a  constant  specimen  temperature  is 

maintained  during  testing  (no  more  than  10°F  rise  above  room  temperature).  The 

specimens  were  tested  at  an  average  joint  shear  stress  of  1400  psi  and  the  test  data 
r  3  3 

exhibit  very  narrow  scatter  (2.2  x  10  to  4.4  x  10  cycles)  and  is  coincident  with  the 
baseline  data  at  1400  psi,  R  =  -1  .0  in  Figure  22. 

2. 4. 2. 1.8  Alternate  Adherend  Materials  Evaluation  -  A  quantity  of  graphite/epoxy 
and  glass/epoxy  Configuration  A,  1-inch  wide  bonded  joint  specimens  have  been 
tested,  Table  X.  Static  tensile  tests  were  conducted  in  a  universal  testing  machine 
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and  fatigue  tests  were  conducted  in  Lockheed  designed  resonant  frequency  machines. 

Test  methods  were  similar  to  those  adopted  for  the  Phase  I  Configuration  A  boron/epoxy 
bonded  Joint  specimens  and  comparable  stress  levels  were  selected  for  the  fatigue  tests. 
Two  stress  levels  were  used  for  each  material  and  a  stress  ratio  of  R  =  +0.1  was  used  for 
all  fatigue  tests.  Five  specimens  were  tested  at  1400  psi  and  the  other  five  were  tested 
at  approximately  2000  psi.  The  test  results  are  presented  as  S-N  curves  in  Figures  44 
and  45.  It  can  be  seen  that  the  static  and  fatigue  capabilities  of  the  two  joints  were 
quite  different.  The  stiffness  of  the  graphite/epoxy  joint  was  obviously  greater  than  the 
glass/epoxy  joint  but  the  static  strength  was  considerably  lower. 

Both  static  and  fatigue  data  for  the  glass/epoxy  joint  agrees  well  with  the  IA1 1 1  baseline 
specimen  data.  The  graphite/epoxy  data  is  in  agreement  with  the  baseline  data  at 
higher  stress  levels  when  the  two  are  compared  on  the  basis  of  percent  of  static  strength; 
however,  at  higher  cycles  (10  ),  the  graphite  exhibits  higher  fatigue  strength,  again 
compared  as  percent  F  .  Where  low  load  amplitude,  high  cumulative  cycles  are  the 
joint  design  criteria,  the  trend  from  this  limited  data  is  that  the  graphite/epoxy  joint 
is  the  more  attractive  for  fatigue  endurance. 

2.4.2. 1 .9  Configuration  1C  Data  -  As  one  part  of  the  Phase  I  bonded  joint  analyses, 
tests  have  been  run  on  specimens  representative  of  a  surface  panel  to  support  structure 
attachment.  The  test  specimen  details  are  as  shown  in  Figure  14.  The  applied  loading 
for  this  series  of  tests  was  a  combined  axial  load  and  sideload  which  induced  bending 
in  the  basic  laminate.  Static  side  loads  were  varied  from  40  to  70  pounds.  Test  data 
are  presented  in  Figure  46  and  as  noted  there  is  a  decrease  in  fatigue  strength  with 
increased  side  loads. 

2. 4. 2. 2  Phase  II  Bonded  Joint  Analysis 

In  Phase  II,  the  bonded  joint  specimen  geometry  is  extended  from  the  1-inch  wide 
Phase  I  specimen  to  a  3-inch  width.  This  phase  is  restricted  to  the  0°/±45°  fiber 
orientation  with  some  of  the  principal  parameters  from  Phase  I  held  for  comparison. 

The  three  tasks  included  hers  to  demonstrate  the  transition  from  the  one-dimensional 
to  the  two-dimensional  condition  are: 
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o 


Baseline  data  for  direct  comparison 
Lap  length  effects 
Degradation  of  bond  strength 


o 
o 

The  Phase  II  program  is  directed  primarily  at  the  definition  of  difficulties  which  arise 
in  the  transition  from  narrow  coupon  specimens  to  those  with  sufficient  width  to  impose 
Poisson  and  transverse  thermal  effects.  The  areas  of  investigation  are  therefore,  in 
terms  of  specimen  geometry,  those  for  which  these  effects  are  most  apparent.  Table  XIII 
defines  the  number  of  specimens,  joint  configurations,  and  program  tasks  for  Phase  II. 

2. 4. 2. 2.1  Baseline  Data  -  The  specimens  utilized  to  develop  baseline  data  for 
Phase  II  include  the  single  splice  butt  joint  and  the  stepped  scarf  joint  configurations 
identical  to  the  Phase  I  specimens  except  for  the  3,0"  width.  Both  the  Boron/Ti  and 
Boron/AI  adherend  combinations  are  included  and  tests  have  been  conducted  at  stress 
range  ratios  of  +0,10  and  +10.0. 

Data  for  the  Boron/Ti,  three-inch,  single  splice  butt  joint  are  shown  in  Figures  47  and 
43  fcr  R  =  +0.10  and  +10.0.  Comparing  these  data  with  the  one-inch  baseline  test 
results  shows  that  there  is  a  loss  of  fatigue  strength  or  endurance  with  the  increased 
specimen  width.  Although  there  are  limited  test  data  here,  it  is  theorized  that  the 
reduced  fatigue  strength  is  attributed  to  the  Poisson  effect  and  transverse,  thermally 
induced  residual  shear  stresses  at  the  specimen  edges.  With  the  wider  specimen,  the 
transverse  strains  due  to  the  Poisson  effect  may  result  in  a  plane  strain  state  in  the 
adhesive  toward  the  central  region  of  the  specimen.  This  results  in  a  stress  condition, 
in  this  region,  which  approaches  a  hydrostatic  stress  state  and  causes  the  adhesive  to 
behave  locally  in  a  very  brittle  manner  and  will  not  allow  plastic  deformation.  As  the 
adhesive  approaches  this  plane  strain  state  under  load,  brittle  failures  occur  near  the 
center  of  the  wider  specimens  after  fewer  cycles  of  load  application,  hence  the  reduction 
in  fatigue  endurance  compared  to  the  one-inch  baseline  specimen.  This  theory  is 
further  substantiated  with  the  ten-inch  wide  joints  where  two  of  the  IIIA  specimens 
failed  at  the  center  of  the  specimen,  and  at  the  completion  of  the  fatigue  test,  the 
joint  was  still  intact  at  one  edge. 
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Similar  fatigue  data  for  the  3.0-inch  stepped  lap  joint  (IIB)  is  shown  in  Figure  49. 

These  results  are  somewhat  surprising  in  that  the  data  are  equivalent  to  the  IA  baseline 
which  reverses  the  1 1 A  data  trend.  When  compared  on  the  basis  of  percent  of  ultimate 
strength,  the  IIB  data  is  approximately  20%  higher  than  the  baseline.  Indications  are 
that  the  3-step  lap  joint  results  in  a  softer  interface  between  the  adherends  (approaching 
a  true  scarf)  and  increases  the  fatigue  endurance.  This  apparently  offsets  the  Poisson 
effect  that  is  evident  in  the  1 1 A  results. 

Test  data  for  Configuration  IIB  at  R  =  -hi 0.0  are  presented  in  Figure  50.  These  specimens 
failed  at  lower  stress  levels  than  the  one-inch  wide  specimens  tested  at  the  same  stress 
range  ratio,  see  Figure  23  for  comparison.  Static  allowables  for  the  IIB  specimens  are 
approximately  70%  of  the  baseline  allowables  and  this,  combined  with  the  Poisson  effect 
and  possibly  residual  thermal  stresses,  apparently  leads  to  the  reduction  in  fatigue 
strength. 

Baseline  data  for  the  II A  and  IIB  specimens  with  Boron/AI  adherends  are  presented  in 
Figures  51  and  52.  These  3-inch  specimen  tests  resulted  in  data  similar  to  the  one-inch 
wide  Boron/AI  adherend  data  in  that  the  fatigue  endurance  is  somewhat  less  than  the 
baseline  data.  This  may  be  attributed  to  the  residual  thermal  stress  inherent  with  the 
Boron/AI  combinations.  It  should  be  noted  that  all  IIB12  failures  are  in  the  aluminum 
adherend  which  is  not  a  true  evaluation  of  the  joint  interface  but  does  show  that  the 
strength  of  the  adherends  can  be  developed  through  the  bonded  joint.  This  allows  a 
designer  to  use  this  joint  design  in  a  structural  component  with  the  same  confidence 
with  which  aluminum  is  used  for  other  applications. 

2. 4. 2. 2. 2  Lap  Length  Effects  -  Both  long  and  short  lap  length  effects  have  been 
evaluated  for  the  3-inch  wide  specimens  for  comparison  with  baseline  data.  Figures 
53  and  54  are  long  lap  data  for  the  single  splice  butt  joint  and  Figure  55  presents  the 
stepped  scarf  joint,  short  lap  data.  The  IIAdata  trends  are  the  same  as  those  developed 
with  the  long  lap  one-inch  specimens,  that  is,  the  increased  L/t  ratio  results  in  a 
decreased  fatigue  life. 
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The  1  IB,  short  lap  data  shows  an  increased  fatigue  endurance  with  the  smaller  l/t  as 
compared  to  the  baseline  data.  These  results  substantiate  the  trends  established  with 
the  I  IB  1 1 A  data.  Figure  49,which  shows  the  fatigue  endurance  is  improved  as  the 
stepped  interface  approaches  a  true  scarf. 

2. 4. 2. 2. 3  Degradation  of  Joints  -  Degradation  of  the  3-inch  bonded  joints 
(Configurations  IIA21  and  1IA22)  has  been  evaluated  in  the  same  manner  as  the  1 .0" 
specimens.  Typical  specimens  with  Boron/Ti  and  Boron/AI  adherends  have  been  cycled 
at  prescribed  loadings  for  a  specific  number  of  cycles  (approaching  the  joint  endurance) 
without  failure  and  then  statically  loaded  to  failure  to  measure  joint  degradation  with 
the  cumulative  cycles.  The  extent  of  degradation  is  measured  by  comparing  joint 
stiffness  and  failing  load  after  cycling  with  average  data  from  static  tests.  The  data 
for  these  tests  are  presented  in  Table  XX. 

Generally  the  joint  stiffness  is  not  reduced  below  the  average  static  test  results  in  the 
cyclic  range  evaluated  here.  The  residual  strength  or  ultimate  load  capability  after 
fatigue  cycling  does  show  a  significant  reduction  compared  to  the  average  static  strength 
for  the  single  splice  butt  joint  with  the  Boron/Ti  adherend  combination.  The  residual 
strength  of  these  particular  3-inch  specimens  is  approximately  70%  of  the  static  strength 
where  the  one-inch  specimens  had  about  a  15%  strength  reduction.  The  specimens 
evaluated  with  the  Boron/AI  joint  were  cycled  for  only  5000  cycles  and  show  no  loss 
of  strength  with  cumulative  cycles.  This  trend  was  discussed  in  4.2.1 .6  where  previous 
data  indicates  no  loss  of  strength  at  lifetimes  less  than  10  cycles. 

Two  of  the  3-inch  stepped  scarf  joint  specimens  (I I B 1 1A)  did  not  fail  during  the  fatigue 
tests  and  were  subsequently  static  loaded  to  failure.  These  post  fatigue  data  are 
tabulated  below . 
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TABLE  XXI  POST  FATIGUE  DATA,  IIB11A  SPECIMENS 


Specimen 

Avg.  Joint 
Stiffness 

F 

s  max 

N 

Post  Fatigue 
Stiffness 

Avg.  Static 
Strength 

Residual 

Strength 

IIB11A01 

1850 

900 

9xl06 

1980 

17000 

16500 

IIB11A04 

1850 

900 

9xl06 

2040 

17000 

17300 

2. 4. 2. 3  Phase  III  Bonded  Joint  Analysis 

in  addition  to  the  one-  and  three-inch  wide  specimens  discussed  in  4.2.1  and  4.2.3, 
selected  tests  have  been  run  with  seven,  10-inch  wide  specimens.  These  tests  include 
both  Configuration  A  and  B  bonded  joints,  and  the  Phase  III  program  details  as  defined 
in  Table  XIV.  The  boron/titanium  and  boron/aluminum  (111 A)  specimens  have  been 
tested  at  stress  ratios  of  R  =  +0. 1  and  R=  -1 .0.  Where  possible,  the  selected  stress 
levels  were  the  same  as  those  used  for  the  equivalent  3-inch  wide  specimens,  but  the 
fatigue  lives  were  found  to  be  generally  lower.  (See  Table  XXII.) 

Since  there  were  only  seven  specimens  included  in  this  program  phase,  the  test  data  are 
tabulated  along  with  applicable  Phase  I  test  results,  for  comparison.  All  the  10-inch 
wide  single  splice  butt  joint  data  exhibit  substantially  lower  fatigue  lives  than  com¬ 
parable  one-inch  specimens.  Again,  this  is  attributed  to  the  plane  strain  state  in  the 
adhesive  toward  the  central  region  of  the  specimen  which  is  non  existent  in  the  1 .0" 
baseline  specimens,  as  discussed  in  4.2.2. 1.  The  fatigue  failures  apparently  occur  in 
this  brittle,  central  region  of  the  joint  and  propagate  toward  the  specimen  edges.  Two 
of  the  1 1 A  specimens  failed  across  the  center  section  and  then  at  one  edge  but  had  a 
narrow  band,  approximately  2.0"  wide  along  one  edge,  that  did  not  fail.  This  tends 
to  substantiate  the  theory  of  failures  originating  at  the  central  area  where  the  adhesive 
is  in  a  state  of  plane  strain;  however,  further  work  is  needed  to  evaluate  the  fatigue 
capabilities  of  the  wider  specimens. 
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Another  interesting  phenomena  associated  with  the  failure  mode  studies  of  these  10.0 
wide  specimens  is  the  fracture  surface  condition  at  the  specimen  edges.  Past  experience 
has  shown  that  residual  transverse  shear  stresses  exist  at  the  specimen  edges  after  assembly 
and  these  stresses  combined  with  the  axial  stresses  due  to  fatigue  loading  result  in  a 
combined  stress  state  at  the  specimen  edge  of  sufficient  magnitude  to  produce  cohesive 
failure  in  the  adhesive.  This  is  evidenced  by  a  striation  type  fracture  surface  at  the 
edges  of  the  IIIA  specimens.  This  combined  stress  state  is  apparently  not  as  damaging 
as  the  Poisson  effect  in  the  center  of  the  joint,  however,  since  all  failures  appear  to 
originate  at  the  center  and  propagate  outward. 


The  10-inch  wide  Configuration  B,  R  =  -1 .0,  specimen  was  tested  at  a  stress  level  of 
±800  psi.  Since  this  stress  level  produced  a  failure  in  the  10-inch  wide  Configuration  A 
specimen  after  11,400  cycles,  it  was  believed  that  the  life  of  the  Configuration  B 
specimen  would  not  exceed  10^  cycles.  However,  failure  had  not  occurred  after 
5x10^  cycles,  at  which  point  fatigue  testing  was  discontinued  since  it  was  felt  that 
the  fatigue  capability  of  the  joint  had  been  proven.  Testing  of  the  R  =  +0.10 
Configuration  B,  10-inch  wide  specimen  was  temporarily  halted  due  to  a  failure  in  the 
titanium  adherend  at  the  end  fitting  attachment  holes.  The  specimen  was  repaired  by 
bonding  titanium  tabs  onto  the  failed  end  and  the  test  was  successfully  completed. 
Failure  occurred  after  107,510  cycles  at  a  stress  level  of  1400  psi.  These  data  are 
included  in  Table  XXII,  also. 

The  NIB  configuration  data  shows  a  continuance  of  the  MB  data  trend;  that  is,  these 
wider,  stepped  scarf  joint  specimens  show  improved  fatigue  endurance  as  compared  to 
the  IA  or  IB  baseline  data.  This  trend  is  associated  with  the  lap  geometry  and  should 
be  pursued  further. 
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TABLE  XVIII  DEGRADATION  OF  BONDED  JOINTS,  ONE-INCH  WIDTH, 
STIFFNESS  AND  ULTIMATE  LOADS  DATA 


Specimen 

No. 

Average 
Stiffness 
Static  Tests 
Kips/In 

Stiffness 

After 

5x10^  Cycles 
Kips/In 

Stiffness 

After 

2x106  Cycles 
Kips/In 

Average 

Static 

Ult.  Load 
Pounds 

Ult  Load  After 
Applied  Cycles 
Pounds 

IA511A01 

344 

349 

34 

10 

2960 

A02 

337 

2540 

A03 

272 

2120 

A04 

323 

2990 

A05 

299 

2450 

A07 

320 

2490 

A14 

339 

2160 

A15 

344 

351 

3410 

3210 

IA511C01 

325 

381 

-4385 

-3600 

C02 

379 

-4220 

C03 

373 

-4260 

C04 

374 

-3540 

C05 

354 

-3580 

C06 

352 

-4220 

C07 

356 

-4280 

CIO 

368 

-3400 

Cll 

335 

-4280 

02 

325 

347 

-4385 

-4440 
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TABLE  XVIII  (Cont'd) 


Average 
Specimen  Stiffness 
No.  Static  Tests 
_ Kips/In 


Stiffness 

After 

5x1  (P  Cycles 
Kips/In 


Stiffness 

After 

2x10^  Cycles 
Kips/In 


Ave  rage 

Static  Ult  Load  After 
Ult.  Load  Applied  Cycles 
Pounds  Pounds 


IB51 1 A01  557 

A02 
A03 
ACM 
A05 
A06 
A07 
A08 
A09 

A10  557 


527 

570 

570 

590 

561 


5600 

570 

572 

576 

610 

563  5600 


5570 

5500 

6100 

5700 

6070 

5300 

5920 

5740 

5540 

5820 


NOTE:  Average  joint  shear  stresses  for  each  of  the  tabulated  cyclic  loading  conditions  are: 


Configuration 

Fsmax 

N 

IA511A 

2000  psi 

5  x  103 

1100 

N) 

X 

,So 

IA511C 

-2700 

5  x  10 

-1600 

2  x  106 

IB511A 

1400 

5  x  103 

800 

2  x  105 
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TABLE  XIX  POST  FATIGUE  DATA,  ONE-INCH  SPECIMENS, 
STIFFNESS  AND  ULTIMATE  LOADS  DATA 


Specimen 

No. 

Avg.  Stiffness 
Static  Tests 

C/c  lie 
Stress 

N 

Stiffness  After 
Cyclic  Tests 

Static  Ult. 
Load 

Ult.  Load  After 
Cyclic  Tests 

Kips/In 

psi 

Cycles 

Kips/In 

Pounds 

Pounds 

IA111A14 

331 

1100 

io7 

286 

3440 

2640 

B03 

331 

1800 

io7 

366 

3330 

2400 

C12 

- 

-1400 

io7 

352 

-3150 

-3120 

Cl  7 

- 

-1400 

io7 

351 

-3150 

-3620 

IA613A02 

341 

1100 

io7 

352 

3430 

1990 

A04 

341 

1000 

5 . 3x 1 06 

333 

3430 

2060 

IB311A01 

605 

500 

107 

634 

4460 

4920 

A02 

605 

900 

4.5xl06 

576 

4460 

3800 
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TABLE  XX 


DEGRADATION  OF  BONDED  JOINTS,  THREE-INCH  WIDTH 
STIFFNESS  AND  ULTIMATE  LOADS  DATA 


Specimen 

No. 

Average  Stiffness 
Static  Tests 

Stiffness  After 

2.0  x  10^  Cycles 

Average  Static 
Ult.  Load 

Ult.  Load 
After  Cycling 

KIPS/IN 

KIPS/IN 

Pounds 

Pounds 

IIA21A01 

992 

968 

101 

100 

7800 

A02 

980 

6040 

IIA11A04 

961 

9060 

A08 

9< 

?2 

862 

10100 

5300 

NOTE:  F< 

>MAX 

1 100  psi  for  these  tests 

Stiffness  After 

5.0  x  10^  Cycles 

IIA22A01 

914 

915 

6333 

9420 

A02 

903 

5420 

A03 

976 

7540 

A04 

948 

5920 

A05 

914 

943 

6333 

7860 

NOTE: 

Fsmax 

=  1300  psi  for  these  tests 
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TABLE  XXII 


CONFIGURATION  IMA  AND  IIIB  TEST  DATA 


Spec,  No. 

Ave  Static 
Fsu 

fMAX 

Cyc  lie 
Rate 

Fatigue 

Life 

Baseline 
Spec.  No. 

Dato  (1) 
N 

PSI 

PSI 

CPM 

Cycles 

Cyc  les 

IIIA11A1 

4930 

1100 

300 

1.96  x  105 

IA111A 

3  x  106 

B1 

4930 

800 

300 

1.14  x  104 

IA111B 

1 .  3  x  10' 

Cl 

-4650 

-160 

480 

1 .09  x  106 

IA111C 

ac 

IIIA12A1 

5170 

1300 

300 

9.2  x  103 

IA112A 

O 

X 

xt* 

CO 

B1 

5170 

800 

300 

9.57  x  103 

IA111B 

1.3  X  10' 

IIIB11A1(2) 

3700 

1400 

300-420 

1.84  x  105 

IB111A 

4.5  x  10' 

Bl 

3700 

800 

180 

5  x  105  (NF) 

IA111B 

1.3  x  10' 

NOTE:  (l)  Fatigue  life  of  one-inch  specimen  at  same  stress  level  as 

ten-inch  wide  specimens 

(2)  Spec  imen  failed  af  end  fitting,  repaired  with  bonded  Ti  tabs 

and  testing  continued  to  N  =  1 .84  x  10° 
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Cycles  to  Failure 

Figure  21  Fatigue  Strength  of  Bonded  Joints  Baseline  Data 
Configuration  IA,  R  =  +0.10 
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Figure  22  Fatigue  Strength  of  Bonded  Joints  Baseline  Data 
Configuration  IA,  R  =  -1.0 
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Cycles  to  Failure 

Figure  23  Fatigue  Strength  of  Bonded  Joints  Baseline  Data, 
Configuration  IA,  R  =  +10.0 
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Figure  24  Fatigue  Strength  of  Bonded  Joints  Baseline  Data 
Configuration  IA,  R  =  +0.10 


Adherends:  Boron  (0°/+45 
Splice:  7075-T6  Alumi 
Lap  Length :  0.75" 
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Cycles  to  Failure 

Figure  25  Fatigue  Strength  of  Bonded  Joints  Baseline  Data, 
Configuration  IA,  R  =  +0.10 


Cycles  to  Failure 

Figure  26  Fatigue  Strength  of  Bonded  Step  Lap  Scarf  Joint 
Baseline  Data,  Configuration  IB,  R  =  +0.10 


Cycles  to  Failure 

Figure  27  Fatigue  Strength  of1  Single— Scarf  Butt  Joints 
Baseline  Data,  Configuration  IB,  R  =  +10.0 


Cycles  to  Failure 

Figure  28  Fatigue  Strength  of  Bonded  Step  Lap  Scarf  Joints: 

Configuration  IB,  Boron  (0  /+45°):  Aluminum,  Baseline  Data 


(f8^)  Bsaa^g  a«sqg  wop  -  x«w  I 


95 


Cycles  to  Failure 

Figure  29  Fatigue  Strength  of  Bonded  Step  Lap  Scarf  Joints: 

Configuration  IB,  Boron  (0°/90°):  Titanium,  Baseline  Data 
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Figure  30  Fatigue  Strength  of  Bonded  Double  Splice  Butt  Joint 
Configuration  ID,  Boron: Titanium: Boron;  R  =  +0.1 


Figure  J1  Fatigue  Strength  of  Bonded  Double  Splice  Butt  Joints 
Configuration  ID,  Titanium: Boron: Titanium;  R  =  +0.1 
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Figure  32  Fatigue  Strength  of  Bonded  Joints  Ply-Stacking 
Configuration  IA,  R  =  +0.10 
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Cycles  to  Failure 

Figure  33  Fatigue  Strength  of  Bonded  Joints  Ply-Stacking, 
Configuration  IA,  R  =  +0.10 
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Figure  Fatigue  Strength  of  Bonded  Step  Lap  Scarf  Joint;  Configuration 
Boron  (0°/+  45° ) :Titanium,  Ply-Stacking  Effects 


Figure  55  Fatigue  Strength  of  Bonded  Single  Splice  Butt  Joint, 

Configuration  IA,  Boron: Titanium: Boron,  Short  Lap  Effects 
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Figure  37  Fatigue  Strength  of  Bonded  Single  Splice  Butt  Joints 
Configuration  XA.,  Boron:Boron,  Short  Lap  Effects 
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Figure  J>Q  Fatigue  Strength  of  Bonded  Step  Lap  Scarf  Joint;  Configuration 
Boron  (0°/_+  45° ): Titanium,  Short  Lap  Effects 
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Cycles  to  Failure 

Figure  39  Fatigue  Strength  of  Bonded  Joints  Long  Lap  Length, 
Configuration  IA,  R  =  +0.10 
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Figure  4l  Fatigue  Strength  of  Bonded  Single  Splice  Butt  Joints  Configuration 
Boron  (0°/+  45° ) : Titanium: Boron  (0°/+45°),  Thickness  Effects 
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Cycles  to  Failure 

Figure  42  Fatigue  Strength  of  Bonded  Joints  Second  Adhesive, 
Configuration  IA,  R  =  +0.10 
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Cycles  to  Failure 

Figure  k^>  Fatigue  Strength  of  Bonded  Joints  Low  Cycle  Data 
Preload  Data,  Configuration  IA,  R  =  +0.10 
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Figure  44  Fatigue  Strength  of  Bonded  Single  Splice  Butt  Joints 
Conf iguration  14,  Graphite : Titanium:  Graphite 


Figure  45  Fatigue  Strength  of  Bonded  Single  Splice  Butt  Joints: 

Configuration  14,  1002S  Glass: Titanium: 1002S  Glass 
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Cycles  to  Failure 

Figure  46  Fatigue  Strength  of  Bonded  Joints  Baseline  Data, 
Configuration  IC,  R  =  +0.10 
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Cycles  to  Failure 

Figure  47  Fatigue  Strength  of  Bonded.  Single  Splice  Butt  Joints 
Baseline  Data,  Configuration  IIA,  R  =  +0.10 
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Figure  49  Fatigue  Strength  of  Bonded  Step  Lap  Joints; 

Configuration  IIB,  Boron: Titanium,  Baseline  Data 
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Figure  50  Fatigue  Strength  of  Single-Scarf  Butt  Joints 
Baseline  Data,  Configuration  IIB,  R  =  +10.0 
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Figure  51  Fatigue  Strength  of  Bonded  Single  Splice  Butt  Joints 
Configuration  IIA,  Boron :Aluminuin: Boron;  R  =  +0.1 


Figure  52  Fatigue  Strength  of  Bonded  Step  Lap  Joints, 

Configuration  IIB,  Boron: Aluminum,  Baseline  Data 
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Cycles  to  Failure 

Figure  53  Fatigue  Strength  of  Bonded  Single  Splice  Butt  Joints 
Long  Lap  Effects,  Configuration  IIA,  R  =  +0.10 


Cycles  to  Failure 

Figure  54  Fatigue  Strength  of  Bonded  Single  Splice  Butt  Joints 
Long  Lap  Effects,  Configuration  IIA,  R  =  +10.0 
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Figure  55  Fatigue  Strength  of  Bonded  Single  Splice  Butt  Joints 
Short  Lap  Effects,  Configuration  IXB,  R  =  +0.10 


2. 4. 2. 4  Phase  I  Mechanically  Fastened  Joint  Analysis 


Two  of  the  four  basic  joint  configurations  have  been  evaluated,  in  this  phase  of  the 
program,  with  mechanical  fasteners  used  in  lieu  of  adhesive  in  the  joint  assembly. 

These  two  joint  concepts  are  the  single  splice  butt  joint  and  the  simulated  surface-to- 
under  structure  attachment.  The  joints  are  identified  as  Configuration  E  and  F 
respectively  and  test  specimen  details  are  depicted  in  Figures  16  and  17. 

In  order  to  evaluate  the  Configuration  E  joints  extensively,  two  variations  were  con¬ 
sidered,  one  containing  metallic  reinforcing  shims  to  improve  fastener  bearing  strength 
and  the  second  having  additional  plies  of  ±45°  boron  to  accomplish  the  same  task.  Both 
one-inch  and  three-inch  wide  specimens  are  included  in  this  evaluation  with  the  one- 
inch  specimen  having  received  the  most  attention.  Other  parameters  evaluated  are 
similar  to  the  bonded  joint  studies  and  include:  adherend  combinations,  splice  materials, 
fiber  orientation,  thickness,  fastener  edge  distance,  etc.  Complete  details  of  the 
mechanical  joint  evaluation  program  are  included  in  Table  XV.  Specific  program 
tasks  are  discussed  in  detail  in  the  following  sections. 

2. 4. 2. 4.1  Baseline  Data  -  One  specimen  configuration  was  selected  as  the  baseline 
or  standard  for  comparison  of  all  parametric  study  results,  in  the  same  manner  as  the 
bonded  joint  studies.  For  the  mechanical  joints,  this  baseline  was  the  one-inch,  single 
splice  butt  joint,  Configuration  IE1 1 1,  and  sufficient  data  has  been  obtained  at 
R  =  +0.10and  -1.0,  with  limited  data  at  R=+10.0,  to  construct  the  constant  life 
diagram  shown  in  Figure  19.  This  baseline  specimen  has  boron  at  0°/±45°  orientation, 
titanium  shims,  and  includes  a  titanium  splice  plate.  Test  data  are  presented  in 
Figures  56  and  57  for  R  =  +0.10  and  -1.0. 

There  is  considerable  scatter  in  both  sets  of  data  for  the  baseline  specimen,  considerably 

more  than  for  the  bonded  joints  test  data.  In  each  case  the  log-mean  of  the  data  has 

been  determined  at  various  stress  levels  and  the  smooth  curves  faired  as  close  as  possible 

to  those  mean  data  points.  As  noted  in  the  low  cycle  region  of  each  curve,  there  is  no 

2 

deviation  from  the  joint  ultimate  strength  from  1/4  cycle  to  approximately  10  cycles. 
Data  is  not  available  in  this  area  but  the  curve  has  been  positioned  based  on  the 
following  rationale. 
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The  average  static  strength  of  this  joint  was  determined  to  be  42.0  ksi  which  is  based 
on  the  failing  load  divided  by  the  shimmed  net  section  area.  All  static  failures  were 
in  the  boron  adherend,  however,  at  the  ends  of  the  reinforcing  shims.  This  could  lead 
to  the  use  of  the  gross  section  stress  (70.0  ksi  in  this  case)  at  the  1/4  cycle  except  that 
almost  all  fatigue  failures  occur  in  the  net  section  area.  Also,  the  low  cycle  data 
(IE511A)  tends  to  force  the  faired  mean  curve  toward  the  42.0  ksi  net  section  stress, 
rather  than  the  70.0  ksi  gross  section  stress.  Further,  an  interesting  phenomena 
associated  with  the  fatigue  of  composites  with  a  through  hole  was  found  in  the  C-5A 
Boron  Slat  Program,  and  reported  in  Reference  8.  In  this  program,  8-ply,  0  /±60 
boron  laminates  with  a  K=  2.8  (a  1/16"  diameter  drilled  hole)  were  tested  at 
r  =+0.10  and  -0.30.  Plots  of  net  section  stress  versus  endurance  show  little  difference 
between  the  allowable  stress  at  1/4  cycle  and  10  cycles;  i.e.,  the  curves  have 
practically  zero  slope.  All  failures  were  in  the  net  section,  however. 

Combining  these  data,  then,  the  low  cycle  portion  of  the  baseline  curves  has  zero  slope 
from  the  1/4  cycle  average  net  section  stress  to  approximately  10  cycles  and  then  the 
curve  is  faired  through  the  mean  of  the  low  cycle  data  and  the  IE111  baseline  data  points* 
The  specimens  here  introduce  bearing  stresses  in  the  adherend  not  present  in  the 
Reference  8  specimens,  resulting  in  a  deviation  from  the  zero  slope  curves  established 
for  open  holes. 

Initial  fatigue  tests  of  the  Configuration  E  specimens,  composite-to-metal  mechanical 
joint,  resulted  in  failure  of  the  metal  portion  of  the  joint.  A  number  of  attempts  were 
made  to  correct  this  deficiency.  The  first  attempt  replaced  the  7075-T6  aluminum 
portion  of  the  joints  with  8AI-IM0-IV  titanium  of  equal  thickness  but  these  specimens 
failed  in  the  countersunk  portion  of  the  titanium.  This  led  to  the  replacement  of  the 
HL19PB6  flush  head  fasteners  by  HL18PB6  button  head  fasteners  for  the  metal-to-metal 
portion  of  the  joint  but  this  only  moved  the  failure  to  the  titanium  splice  plate.  This 
second  failure  mode  led  to  the  final  design  which  consisted  of  the  boron  portion  joined 
to  8AI-IM0-IV  titanium  which  was  50  percent  thicker  than  the  composite.  These 
specimens  were  assembled  with  flush  head  fasteners,  HL19PB6  series,  used  on  the 
boron-to-titanium  half  and  button  head  fasteners,  HL18PB6  series,  used  on  the 
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titanium-to-titanium  half.  Fatigue  tests  on  two  specimens  of  this  configuration  resulted 
in  fatigue  failures  of  the  boron  portion  of  the  joint.  Based  on  these  results,  all  of  the 
Configuration  E  specimens  were  disassembled  and  new  metal  splice  plates  and  metal 
joint  halves  were  machined  from  8AI-IM0-IV  titanium;  0.125"  material  was  used  with 
the  8-ply  boron  specimen  halves  and  0.250"  material  was  used  with  the  16-ply  boron 
specimen  halves. 

No  further  problems  were  encountered  in  testing  the  R=+0.10  specimens,  but  repeated 

attempts  to  obtain  fatigue  failures  in  the  joints  of  the  R=  +10  baseline  specimens  were 

unsuccessful.  The  first  specimen  was  tested  at  a  maximum  stress  of  -30,0  ksi  with  no 

5 

failure  after  7.5  x  10  cycles.  Two  additional  specimens  were  tested  at  F  =  -40.0 

'  max  ^ 

ksi  with  a  compressive  failure  in  the  laminate  and  at  the  end  tabs  after  2.65  x  10  and 

5 

1 .88  x  10  ,  respectively.  Therefore,  all  R  =  +10.0  fatigue  tests  were  discontinued  and 
the  remaining  test  specimens  were  used  in  other  program  tasks.  For  the  specimens  tested 
at  a  stress  ratio  of  R=  -1 .0  the  majority  of  failures  occurred  in  the  fasteners.  Initially 
these  failures  were  attributed  to  excessive  bending  action  at  the  joint  during  the  reversed 
cycling.  It  was  believed  that  the  0.003-inch  clearance  between  the  joint  and  the  support 
plates  was  allowing  excessive  bending  of  the  splice  plate  which  resulted  in  repeated 
tension  loading  of  the  fastener  through  the  steel  collar.  However,  subsequent  testing 
with  no  clearance  around  the  joint  still  resulted  in  fastener  fatigue  failures. 

Two  additional  series  of  tests  were  run  with  the  baseline  configuration,  one  involved  a 
boron  splice  plate  with  titanium  shims  rather  than  the  titanium  baseline  and  the  other 
with  0°  fiber  orientation  in  the  adherend  and  splice  plate.  These  data  are  presented 
in  Figures  58  and  59.  The  data  in  Figure  58  with  the  boron  splice  plate  have  approxi¬ 
mately  the  same  static  strength  as  the  baseline  and  the  fatigue  data  is  within  the  scatter 
of  the  baseline  results.  The  same  is  true  for  the  0°  fiber  orientation  and  boron  splice 
plate.  Configuration  IE122A, 

2. 4. 2.4. 2  Ply  Stacking  Order  -  For  this  parametric  study,  the  0.012"  titanium 
reinforcing  shims  in  the  baseline  specimen  are  replaced  with  two  plies  of  boron  at  ±45° 
orientation.  Tests  have  been  conducted  at  R  =  +0.10and  R= -1.0  and  data  are 
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presented  in  Figures  60  and  61 .  In  both  instances  only  five  specimens  have  been  tested 
and  the  scatter  is  large;  however,  the  fatigue  endurance  compares  well  with  the  baseline 
tests.  The  static  ultimate  stresses  are  lower  than  the  baseline  results,  with  failures  in 
the  net  section,  but  the  fatigue  endurance  is  equivalent  to  the  higher  strength  baseline. 
Comparison  between  the  two  sets  of  data  on  the  basis  of  percent  shows  the  boron 
reinforcing  shims  to  have  approximately  a  15%  improvement  in  fatigue  strength. 

2. 4. 2. 4. 3  Edge  Distance  Effects  -  To  evaluate  the  effect  of  fastener  edge  distance 
on  fatigue  endurance,  spec  imens  with  1 .5  edge  distance  (e/D)  (compared  to  2.0  on  the 
baseline)  have  been  tested.  These  specimens  are  identified  as  IE311A  and  IE321A  and 
test  results  are  presented  in  Figures  62  and  63.  The  IE311A  configuration  is  identical 
to  the  baseline  specimens  except  for  fastener  edge  distance.  Static  test  results  are 
approximately  the  same,  but  based  on  these  limited  fatigue  tests,  the  shorter  edge 
distance  results  in  a  20%  decrease  in  fatigue  strength. 

The  IE321A  specimens  have  the  boron  adherend,  shims,  and  splice  plate  and  even 
though  the  average  ultimate  strength  is  low,  the  fatigue  data  does  not  show  a  significant 
reduction,  compared  to  the  baseline,  with  the  short  edge  distance.  Again  this  is  based 
on  limited  data  but  the  trend  appears  to  be  that  when  fatigue  is  the  design  criteria,  the 
all  boron,  mechanically  fastened  joint  is  more  optimum  than  the  Boron/Ti  combination. 
This  is  discussed  further  in  2.5,  Fatigue  Analysis. 

2. 4. 2. 4. 4  Thickness  Effects  -  To  evaluate  the  effect  of  thickness  on  fatigue  endurance, 
specimens  IE41 1A  and  IE421A  have  been  fabricated  and  tested.  These  specimens  have  a 
16-ply,  0°/±45°  boron  adherend  as  compared  to  the  8-ply  baseline  specimen.  Five 
specimens  of  each  configuration  were  tested  and  the  data  is  presented  in  Figure  64. 

The  data  from  the  IE411A  specimens  with  titanium  reinforcing  shims,  exhibits  reasonable 
scatter  but  shows  a  slight  reduction  in  fatigue  strength  compared  with  the  baseline  data. 
The  IE421A  data  (specimens  with  ±45°  boron  reinforcement)  are  widely  scattered  (two 
decades)  but  also  show  the  same  trend  toward  reduced  allowables.  This  reduction  in 
fatigue  strength  is  associated  with  fastener  clamp-up  as  discussed  in  2.5. 
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2. 4. 2. 4. 5  Preload/ Low  Cycle  Data  -  Ten  I E41 1 A  specimens  have  been  tested  to 
evaluate  the  effect  of  preload  on  the  specimen  fatigue  endurance  and  to  obtain  limited 
low  cycle  fatigue  data.  For  the  preload  evaluation,  the  test  specimens  were  statically 
loaded  in  tension  then  removed  from  the  static  test  machines,  reinstalled  in  the  fatigue 
test  apparatus,  and  cycled  to  failure.  Two  specimens  were  preloaded  to  2800  lbs. 
tension  and  the  remaining  three  were  loaded  to  2500  lb.  Test  results  are  presented  in 
Figure  65  and  show  good  agreement  with  the  baseline  data.  Based  on  this,  the  preload 
for  the  mechanically  fastened  joints  has  little  effect  on  fatigue  endurance  which  is  also 
true  for  the  bonded  joints  as  discussed  previously. 

The  low  cycle  data  is  also  presented  in  Figure  65.  These  tests  were  run  at  higher  stress 
levels  in  order  to  induce  failures  in  the  lower  cyclic  range  to  aid  in  locating  the  mean 
fatigue  curve.  Also,  the  rate  of  cyclic  loading  was  10  cps  compared  with  the  higher 
loading  rate  (approximately  60  cps)  for  the  other  program  tests.  These  data  have  been 
used  along  with  the  IE1 11  baseline  data  to  establish  the  basic  joint,  mean  fatigue  curve. 
These  results  also  indicate  that  the  range  of  cyclic  loading  rates  evaluated  have  no 
apparent  effect  on  fatigue  endurance. 

2. 4. 2. 4. 6  Pinned  Joints  Evaluation  -  Pin  bearing  tests  of  the  0°/±45°  boron-epoxy 
laminate  reinforced  with  titanium  shims  and  ±45°  plies  of  boron  have  been  conducted. 
These  test  specimens  as  shown  in  detail  in  Figure  16  and  are  identified  as  the  7226- 
1302IE-15A,  -17A,  and -19A  assemblies.  Bearing  loads  were  introduced  through  a 
3/16"  diameter  steel  pin  loaded  in  double  shear.  Pin  edge  distances  (e/D)  evaluated 
were  1 .5  and  2.0.  Static  test  data  developed  from  these  tests  is  comparable  to  the  data 
published  in  Reference  8  for  e/D  =  1 .5  and  2.0.  Fatigue  tests  of  five  specimens  of  each 
configuration  were  conducted  at  varying  stress  levels  to  establish  trend  curves  as  shown 
in  Figure  66.  The  IE711  specimens  with  titanium  shims  and  e/D  =  2.0  shows  the  highest 
fatigue  endurance  of  the  three  configurations  tested.  The  decrease  in  edge  distance  to 

1 .5  has  an  accompanying  reduction  in  fatigue  endurance  as  expected.  These  results 
are  comparable  to  the  fastener  edge  distance  evaluation  discussed  in  2. 4. 2. 4. 3.  The 
specimens  with  the  ±45  boron  reinforcement  and  e/D  ■  2.0  show  the  same  reduction 
in  fatigue  endurance  as  those  with  titanium  shims  and  e/D  =  1.5.  This  is  most  likely 
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associated  with  improved  fatigue  performance  due  to  fastener  clamp-up  in  the  data  in 
2. 4. 2. 4. 3  which  is  not  evident  in  these  tests. 

2. 4. 2. 4. 7  Configuration  IF  Data  -  As  a  part  of  the  mechanically  fastened  joint 
constant  amplitude  testing,  Configuration  F  joints  representing  a  surface  panel  to  support 
structure  have  been  evaluated.  Typical  specimen  details  are  included  in  Figure  17. 

These  specimens  were  tested  under  combined  axial  loading  and  bending.  The  bending 
was  introduced  through  side  loads  applied  to  the  free  leg  of  the  support  Tee. 

All  the  tests  were  conducted  in  Lockheed  designed  resonant  frequency  fatigue  machines. 
The  8-ply  laminate  specimens  were  tested  at  a  maximum  axial  stress  of  40,  000  psi  at 
the  net  section  of  the  shimmed  boron  and  at  a  stress  ratio  of  R  -  +0. 1  .  A  side  load  of 
100  pounds  was  used  on  five  specimens  and  a  side  load  of  250  pounds  was  used  on  the 
other  five.  The  increased  thickness  effect  specimens  were  tested  in  a  similar  manner 
but  the  maximum  axial  stress  level  was  35,000  psi  and  the  side  load  was  500  pounds. 
Fatigue  failures  occurred  at  either  the  net  section  or  at  the  edge  of  the  shimmed  boron 
section.  As  anticipated,  the  test  data  indicated  that  the  fatigue  strength  of  the  joint 
decreased  with  increased  side  load.  Test  data  are  included  in  Figures  67  and  68. 

2. 4. 2. 5  Phase  II  Mechanically  Fastened  Joint  Analysis 

Phase  II  of  the  mechanically  fastened  joint  program  is  included  to  extend  the  Phase  I 
data  from  a  one-dimensional  to  a  two-dimensional  evaluation  of  the  basic  single  splice 
butt  joint  configuration.  Specimen  width  has  been  increased  from  1 .0  to  2.0  inches 
with  the  investigation  aimed  at  evaluating  the  effects  of  induced  stresses  such  as  those 
resulting  from  Poisson's  Ratio  and  combined  modes  of  stress.  These  test  specimens  are 
identified  as  IIE111  and  are  identical  to  the  IE  baseline  specimens  (same  fiber  orientation, 
shim  material,  splice  plate,  etc.)  except  for  width.  Test  data  are  presented  in 
Figure  69. 

The  fatigue  data  is  comparable  to  the  one-inch  wide  baseline  data  except  that  the 
scatter  inherent  in  these  mechanically  fastened  joints  data  is  greatly  reduced.  The 
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trend  of  reduced  fatigue  strength  with  increased  specimen  width  from  the  bonded  single 
splice  butt  joint  tests  is  not  evident  here.  Since  these  specimens  are  joined  with 
fasteners  instead  of  the  adhesive  in  the  wider,  bonded  joint  study,  it  was  expected  that 
the  reduction  in  fatigue  endurance  associated  with  the  Poisson  Ratio  in  the  bonded  joints 
would  not  be  reflected  in  these  tests.  Apparently  this  is  the  case  and  adds  credence  to 
the  theory  of  brittle,  plane  strain  failure  associated  with  the  wide  bonded  joints. 
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Cycles  to  Failure 

Figure  56  Fatigue  Strength  of  Mechanical  Joints  Baseline  Data, 
Configuration  IE,  R  =  +0.10 


130 


Figure  57  Fatigue  Strength  of  Mechanical  Joints,  Baseline 
Configuration  IE,  Boron : Titanium  R  =  -1.0 
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Cycles  to  Failure 

Figure  58  Fatigue  Strength  of  Mechanical  Joints  Baseline  Data, 
Configuration  IE,  R  =  +0.10 
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Figure  59  Fatigue  Strength  of  Mechanical  Joints  Baseline  Data 
Configuration  IE,  R  =  0.10 
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Cycles  to  Failure 

Figure  60  Fatigue  Strength  of  Mechanical  Joints  Stacking  Order 
Tests,  Configuration  IE,  R  =  +0*10 


Cycles  to  Failure 

Figure  6l  Fatigue  Strength  of  Mechanical  Joints  Stacking  Order 
Tests,  Configuration  IE,  R  =  -1.0 


135 


Figure  62  Fatigue  Strength  of  Mechanical  Joints  Edge  Distance 
Evaluation,  Configuration  IE,  R  =  +0.10 
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Cycles  to  Failure 

Figure  6j5  Fatigue  Strength  of  Mechanical  Joints  Edge  Distance 
Evaluation,  Configuration  IE,  R  =  +  0.10 
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Cycles  to  Failure 

Figure  64  Fatigue  Strength  of  Mechanical  Joints:  Thickness 
Effects  Tests,  Configuration  IE,  R  =  +0.10 
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Cycles  to  Failure 

Figure  65  Fatigue  Strength  of  Mechanical  Joints,  Preload 
and  Low  Cycle  Data,  Configuration  IE,  R  =  +0.1 
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Figure  66  Fatigue  Strength  of  Mechanical  Joints 
Pinned  Joints/Edge  Distance  Evaluation 


Figure  67  Fatigue  Evaluation  of  Mechanical  Joints  Baseline 
Data  Configuration  IF,  R  =  +0.10 


Cycles  to  Failure 

Figure  68  Fatigue  Strength  of  Mechanical  Joints  Thickness 
Effects  Data.  Configuration  IF,  R  =  +0.10 


2.4.3  Cumulative  Damage  Analysis 


In  the  systems  development  program  for  a  typical  air  vehicle,  the  overall  fatigue 
evaluation  is  a  systematic  progression  of  analyses  and  substantiating  test  programs.  The 
analysis  is,  of  course,  dependent  upon  accurate  S-N  data  developed  from  simple  specimen 
fatigue  tests  of  the  materials  under  consideration.  This  is  then  substantiated  and/or 
refined  with  component  tests  of  structural  assemblies  identified  as  critical  from  a  fatigue 
standpoint  and  ultimately  by  full  scale  testing  of  a  complete  vehicle.  The  materials 
S-N  data  are  generally  developed  from  constant  amplitude  fatigue-tests  whereas  the 
component  and  full  scale  tests  are  program  fatigue  tests  and  may  involve  block  loading, 
flight-by-flight  loading,  or  spectrum  loading.  The  constant  amplitude  data  are  used 
for  analytical  life  predictions,  component  and  full  scale  test  program  development,  and 
data  analysis  and  correlation  with  predictions.  The  problem  of  predicting  the  fatigue 
life  of  these  structures  subjected  to  program  fatigue  tests  (varying  loads  and  stress  spectra) 
is  of  course  dependent  upon  cumulative  damage  theories. 


Since  this  program  has  been  directed  toward  the  development  of  a  better  understanding 
of  the  fatigue  phenomena  of  advanced  composites  joints,  it  is  prudent  that  the  constant 
amplitude  fatigue  tests  be  extended  to  include  variable  loads  spectra  testing  and  data 
analysis  based  on  the  theory  of  cumulative  damage.  This  has  been  accomplished  with 

a  two-part  program: 

o  Realistic  Loading  Spectrum 
o  Block  Loading  Spectrum 

The  realistic  loading  test  spectrum  has  been  developed  to  represent  a  typical  fighter 
aircraft  wing  maneuver  loading  spectrum  and  includes  both  frequency  and  amplitude 
variation.  A  detailed  description  of  the  realistic  spectrum  development  is  presented 
in  2.3.  This  spectrum  is  comprised  of  four  basic  missions  or  simulated  flight  loads 
repeated  in  random  order,  4000  times.  A  typical  loads  trace  showing  all  the  load 
levels  in  each  of  the  four  different  missions  is  shown  in  Figure  70. 
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As  can  be  seen,  these  loads  spectra  include  both  frequency  and  amplitude  variation  and, 
for  the  purpose  of  discussion,  these  are  considered  to  be  narrow-band  random  spectra. 

An  equivalent  block  loading  spectrum  has  been  developed  from  the  realistic  spectrum 
discussed  above  and  is  also  discussed  in  2.3.  For  the  block  loading  spectrum,  the 
fighter  maneuver  occurrence  loadings  for  4000  flights  plus  4000  occurrences  of  "-1 .0g" 
have  been  combined  into  10  approximately  equal  blocks. 

The  basic  constant  amplitude  S-N  data  for  the  bonded  and  mechanically  fastened  joints, 
as  presented  in  the  constant  life  diagrams  in  Figures  18  and  19,  have  been  used  to  predict 
the  specimen  endurance  under  the  block  loading  tasks.  The  predicted  fatigue  endurance 
and  test  data  analysis  for  all  the  variable  loads  spectra  testing  has  been  accomplished 
by  using  the  well-known  Palmgren-Miner  Theory  for  cumulative  damage.  Shockey, 
Reference  9,  has  evaluated  some  of  the  more  well-known  cumulative  damage  theories 
to  determine  applicability  to  advanced  composite  materials  and  has  concluded  that 
Miner's  Theory  appears  most  applicable  for  design  purposes. 

The  realistic  and  block  spectrum  test  program  included  both  bonded  and  mechanically 
fastened  joint  specimens  representing  the  baseline  configurations  evaluated  in  the 
constant  amplitude  testing  phase.  A  listing  of  the  specimens  involved  is  included  in 
Table  XXIII.  The  specific  details  of  each  configuration  are  as  defined  in  Figures  12 
through  17. 
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TABLE  XXIII  CUMULATIVE  DAMAGE  TEST  SPECIMENS 


Block  Spectrum  Realistic  Spectrum 


Specimen 

Number 

Specimen 

Number 

IA711F 

11 

IA711G 

10 

IIIA21F 

1 

IIA41G 

5 

IIIB21F 

1 

IE611G 

5 

IE611F 

2 

IIE611G 

_5 

IIE611F 

_5 

'  25 

20 


The  following  paragraphs  present  a  detailed  discussion  of  these  variable  amplitude 
loading  tests  and  evaluation  of  the  test  data. 

2.4.3. 1  Block  Loading  Spectrum 

Twenty  specimens  representative  of  typical  bonded  and  mechanically  fastened  joints 
have  been  subjected  to  the  block  loading  spectra  presented  in  Tables  VIII  and  IX.  All 
testing  was  axial  loading,  with  each  block  representing  400  flight  hours  or  10  percent 
of  the  required  fighter  life  of  4000  hours.  For  each  test,  the  first  block  loads  are 
applied  in  a  low-to-high  order  and  the  second  in  a  high-to-low  order.  This  procedure 
is  followed  through  the  application  of  ten  blocks,  representing  one  lifetime. 

The  baseline  constant  life  diagram  developed  for  the  single  splice  butt  joint  was  used  to 
predict  the  damage  and  fatigue  endurance  for  the  IA  bonded  joints.  This  analysis  shows 
that  the  average  strength  specimen  (4500  psi  ultimate  shear)  should  have  a  damage  of 
approximately  0.25  per  block  or  a  fatigue  endurance  of  4.0  blocks  of  load  application. 
Miner's  Theory  was  used  for  this  prediction.  There  is  not  sufficient  S-N  data  available 
to  analytically  predict  the  damage/block  for  the  MIA  and  IIIB  ten-inch  wide  specimens; 
however,  the  IIIB  specimen  should  accumulate  somewhat  less  damage  and  longer  endurance 
than  the  IA  specimen  while  the  IIIA  specimen  should  have  a  shorter  fatigue  endurance. 
These  assumptions  are  based  on  the  trends  established  for  these  two  joint  concepts  from 
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the  constant  amplitude  tests  of  the  ten-inch  wide  specimens.  The  fatigue  predictions 
for  the  IE  and  HE  average  specimens  are  a  damage/block  of  0.140  and  a  fatigue 
endurance  of  7  blocks. 

Cumulative  damage  has  been  calculated  for  all  specimens  rested  using  Miner's  Theory 
and  the  actual  cycles  at  failure.  Table  XXIV  is  a  summary  of  this  cumulative  damage 
analysis.  Miner's  Theory  predicts  failure  .at  a  damage  of  1 .0.  For  an  average  bonded 
or  mechanically  fastened  specimen,  failure  was  predicted  after  4.0  and  7.0  blocks  of 
applied  load,  respectively.  As  can  be  seen  in  Table  XXIV,  the  majority  of  the  one- 
inch  wide  specimens  (both  configurations)  fail  in  significantly  less  time  than  predicted 
and  in  all  but  one  case  the  calculated  damage  at  failure  is  less  than  1  .0.  The  average 
damage  for  ten  IA  specimens  is  0.293  and  the  average  for  the  IE  specimens  is  0.204, 
or  approximately  25%  of  the  predicted  damage  at  failure.  The  data  grouping  or  scatter 
in  the  sample  is  considered  good  and  the  trend  established  is  considered  realistic. 

The  applied  loads  and  resulting  stresses  in  the  10-inch  wide  1 1 1 A  and  1 1 1 B  specimens  were 
low  compared  to  the  IA  specimens  and,  as  a  result,  the  predicted  damage  per  block  and 
fatigue  endurance  are  not  in  keeping  with  the  other  specimens  tested.  The  predicted 
endurance  for  these  specimens  is  500  blocks,  for  =  1 .0.  As  noted  in  Table  XXIV, 
however,  the  actual  damage  at  failure  and  fatigue  endurance  are  significantly  less  than 
the  predictions.  Even  at  these  lower  applied  load  levels,  failures  were  encountered 
long  before  the  damage  theory  predicted,  which  follows  the  trends  of  the  one-inch 
baseline  specimens. 

The  two-inch  wide  mechanically  fastened  joints  (HE)  specimens  generally  exhibited 
longer  fatigue  endurances  than  predicted.  These  specimens  were  tested  at  stress  levels 
comparable  to  the  one-inch  wide,  IE  specimens;  however,  the  trends  for  those  specimens 
is  reversed  with  the  increased  width.  The  constant  amplitude  data  for  the  two  widths 
compare  well  as  discussed  in  2.5.1 .6  and  offer  no  explanation  for  these  block  spectrum 
test  results. 
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Another  significant  point  from  these  data  is  that  in  all  the  mechanically  fastened  joint 
specimens  the  failing  load  was  the  highest  load  level  in  the  spectrum  (8.0g  is  this  case). 
The  majority  of  the  bonded  joints  also  failed  at  load  levels  greater  than  8.0g.  The 
trend  for  these  composite  joints  appears  to  be  similar  to  that  shown  in  constant  amplitude 
fatigue  tests  of  basic  composite  laminates;  that  is,  if  the  composite  will  sustain  the  first 
application  of  a  high  load,  the  fatigue  life  could  vary  several  decades.  In  other  words, 
the  slope  of  the  composite  laminate  curve  is  very  small  and  the  laminate  may  have  a 
fatigue  endurance  approaching  its  static  strength. 

These  test  results  and  trends  are  discussed  further  in  2.5.2. 

2. 4. 3. 2  Realistic  Loading  Spectrum 

Twenty-five  specimens  including  both  bonded  and  mechanically  fastened  joints  have 
been  subjected  to  a  realistic  spectrum  loading.  The  test  spectrum  development  is 
discussed  in  2.3  and  consists  of  four  basic  missions  and  a  4000-flight  lifetime.  This 
required  life  was  divided  into  400-flight  spectrum  blocks  with  each  block  repeated  10 
times  to  obtain  the  desired  life.  Single  flight  loading  charts  for  each  of  the  four  missions 
are  presented  in  Tables  I  through  IV  with  additional  "odd-ball"  loadings  shown  m 
Table  V.  These  400  flights  were  then  randomized  with  a  random  numbers  table  to 
establish  the  testing  sequence  as  shown  in  Table  VII.  Details  of  this  realistic  spectrum 
testing  are  discussed  in  Volume  II  of  this  report.  Figure  70  depicts  the  first  occurrence 
realistic  spectrum  for  each  of  the  four  missions  included  in  the  program.  As  noted  in 
2.3.1  and  Tables  I  through  V,  some  loadings  are  non-regular;  that  is,  they  occur  one 
time  in  a  given  number  of  flights.  All  loads  are  applied  during  the  first  occurrence  of 
each  mission  (Figure  70)  but  subsequent  mission  occurrences  contain  fewer  load  levels 
and  cycles.  Figure  71  depicts  an  average  spectrum  for  Missions  1  and  4  where  these 
non-regular  loadings  do  not  appear.  The  first  occurrence  and  "average"  occurrence 
nomenclature  is  pertinent  to  the  data  analysis  of  these  realistic  spectrum  test  results. 
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Since  these  realistic  spectrum  tests  are  considered  to  have  narrow  band  random  test 
spectra,  the  question  of  data  analysis  is  quite  important.  There  are  various  methods  of 
analysis  to  consider;  however,  the  approach  taken  here  is  analogous  to  that  used  in 
sonic  fatigue  analyses  where  random  loading  and  structural  response  are  the  framework 
of  the  fatigue  analysis. 

To  calculate  the  actual  cumulative  damage  for  each  specimen  tested  with  these  narrow 
band  random  spectra  applied,  rms  stress  (a)  and  rms  fatigue  curves  (a-N)  have  been 
utilized  rather  than  peak  or  sinusoidal  stresses  and  S-N  curves.  The  root-mean-square 
(rms)  of  a  narrow  band  or  broad  band  random  load  or  stress  time  history  is  the  best 
analytical  tool  for  describing  and/or  utilizing  these  random  data.  The  damage  calculations 
again  employ  Miner's  Theory  and  utilize  rms  stress  (a)  and  a-N  fatigue  curves. 

The  re  are  no  a-N  curves  available  for  composite  structures,  specifically  the  joints 
evaluated  here,  so  the  constant  amplitude  fatigue  curves  developed  for  this  program 
were  "randomized"  via  the  procedures  of  Reference  10.  These  a-N  curves  for  both 
bonded  and  mechanically  fastened  joints  are  shown  in  Figures  72  and  73  and  have  been 
used  in  the  cumulative  damage  analyses  here. 

Since  there  was  a  difference  in  the  first  occurrence  (in  any  400-flight  block)  of  a  given 
mission  and  subsequent  occurrences  of  the  same  mission,  the  rms  stress  and  number  of 
cycles  for  each  mission  are  determined  for  the  first  occurrence  and  then  an  "average  11 
occurrence.  There  are  then  8  rms  stresses  and  8  values  of  applied  cycles  per  flight  for 
the  four  basic  missions,  for  the  damage  calculations.  The  rms  stress  is  simply  the  square 
root  of  the  average  of  the  squared  values  of  the  time  histories.  Applied  cycles  were 
counted  as  number  of  stress  reversals  within  a  given  flight,  first  and  average  occurrence 
of  each  mission.  Table  XXV  lists  the  rms  and  mean  voltage  recorded  from  the  test  equip¬ 
ment  load  cell  and  the  number  of  applied  cycles  permission.  Also,  the  load/volt 
conversion  factor  for  each  specimen  type  is  included. 
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With  the  a-N  curves,  the  mean  and  rms  variable  loads,  stress  to  load  ratio,  and  the 
applied  cycles  (number  of  cycles  per  mission  type  times  the  number  of  occurrences  of 
that  mission),  damage  calculations  for  the  realistic  spectrum  were  run.  Table  XXVI  is 
a  summary  of  this  data.  In  2.3.2  it  is  noted  that  two  blocks  of  applied  loads  for  the 
block  spectrum  tests  are  approximately  the  same  as  the  application  of  two  400-flight 
realistic  spectrum  blocks.  This  then  says  for  an  average  IA  or  IIA  specimen,  the  damage 
per  400-flight  block  should  be  0.25  (0.14  for  the  IE  and  ME  specimens)  and  an  endurance 
of  four  400-flight  blocks  or  1600  flights.  The  IE  and  ME  specimens  should  have  an  en¬ 
durance  of  seven,  400— flight  blocks  or  2800  flights. 

Based  on  this  analysis,  the  cumulative  damage  theory  grossly  over-estimates  the  fatigue 
endurance  of  composite  joints.  The  realistic  spectrum  should  be  more  damaging  than  a 
block  spectrum  as  is  apparently  the  case  here,  due  to  shorter  relative  life  and  high 
damage  summations.  Again  the  trends  noted  in  the  block  spectrum  results  are  apparent 
here  as  regards  failing  load  and  the  ability  to  sustain  higher  loads.  These  results  are 

discussed  further  in  2.5.2. 
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TABLE  XXIV  BLOCK  LOADING  CUMULATIVE  DAMAGE  SUMMARY 


Predictions 


Specimen 

Number 

Cycles  to  Failure 

Block/Cycles/Load^)  Total  Cycles 

Damage  At 

Failure  “  H  -rr 

N 

Damage 

Ey-j/Block 

Endurance 

Total  Blocks 

IA711F01 

1/1.25/19 

17, 595.25 

0.126 

0.25 

4 

.0 

F02 

1/0.25/20 

17,601.25 

0.183 

F03 

1/0.25/20 

17,601.25 

0.239 

F04 

1/156/17 

17, 469.0 

0.092 

i 

i 

F05 

1/1743/15 

16,446.0 

0.017 

F06 

1/0.25/19 

17,594.25 

0.201 

F07 

4/71/17 

52, 935 

0.851 

F08 

3/42/18 

52, 800 

0.776 

F09 

1/0.25/20 

17,601 . 25 

0,291 

FI  0 

1/0.25/18 

17, 550.25 

0.151 

i 

| 

FIT 

5/0.25/19 

88,010.25 

3.720 

0.25 

4, 

.0 

IIIA21F1 

25/1.0/19 

438, 000 

0.052 

0.002 

500 

II1B21F1 

61/200/17 

1,074,  000 

0.135 

0.002 

500 

IE611F06 

1/7/10 

6,479 

0.092 

0.140 

7. 

,0 

IE611F07 

3/45/10 

1 9,  567 

0.316 

0.140 

7. 

0 

IIE611F01 

3/44/10 

19,  566 

1.672 

0.140 

7.0 

F02 

12/25/10 

78, 172 

3.931 

F03 

9/1/10 

60, 673 

1.244 

F04 

9/25/10 

60,697 

1.341 

F05 

13/1/10 

84, 673 

3.443 

0.140 

7. 

0 

(1)  See  Tables  VIII  and  IX  for  block  spectrum  loadings  and  cycles. 


TABLE  XXV  RMS  LOADS  DATA 


Mission  Number 

1st  OcCo  No.  1 

RMS 

Voltage 

(Variable  Load) 

2.18V 

Mean 
Voltage 
(Mean  Load) 

Stress  Reversals/ 
Mission 

1.76V 

106 

No.  2 

2.03 

1.71 

104 

No.  3 

1.94 

1.64 

112 

No.  4 

2.24 

1.79 

120 

Ave.  No.  1 

2.08 

1.75 

60 

No.  2 

1.74 

1.49 

80 

No.  3 

1.74 

1.51 

70 

No.  4 

1.97 

1.63 

70 

Specimen  Number 

Load/Volt 

(lbs) 

IA 

360 

1 1 A  (GO  1-03) 

930 

1 1 A  (G04  &  05) 

835 

IE 

500 

he 

1000 
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TABLE  XXVI  DAMAGE  SUMMARY  -  REALISTIC  SPECTRUM  TESTS 


Specimen 

Number 

Mission 

Fa  i  lure 
End  Point 

Data 

Failure 

Total  Number  Of 

Damage  at 
Failure  E-jq- 

Occurrence  No. 

Number 

Load  (lbs) 

Applied  Cycles 

IA711G01 

134 

19 

1910 

9.22  x  103 

80.0 

G02 

401 

20 

2010 

2.73  x  104 

252.0 

G03 

5 

21 

2160 

450 

8.0 

G04 

127 

18 

1700 

8.76  x  103 

94.0 

G05 

36 

19 

1720 

2.60 x  103 

33.0 

G06 

142 

20 

2120 

9.76  x  103 

92.0 

G07 

178 

18 

1700 

1.22  x  104 

113.0 

G08 

124 

19 

1810 

8.45  x  103 

81.0 

G09 

142 

20 

2180 

9.76  x  103 

92.0 

G10 

69 

19 

1900 

4.83  x  103 

48.0 

IIA41G01 

196 

18 

4450 

2.0 x  104 

54.0 

G02 

5 

21 

5850 

450 

2.0 

G03 

184 

19 

5175 

1.26  x  104 

35.0 

G04 

142 

20 

4950 

9.76  x  103 

11.0 

G05 

142 

20 

4950 

9.76  x  103 

11.0 

IE611G01 

1157 

19 

2650 

7.88  x  104 

250.0 

G02 

1815 

19 

2870 

1.23  x  105 

380.0 

G03 

5 

20 

2670 

450 

4.0 

G04 

710 

19 

2880 

4.84  x  104 

155.0 

G05 

1660 

19 

2750 

LO 

o 

X 

CO 

• 

359.0 

IIE611G0] 

1854 

16 

3600 

1.23  x  105 

219.0 

G02 

810 

19 

5800 

5.52  x  104 

267.0 

G03 

1703 

19 

5820 

1.16  x  105 

509.0 

G04 

810 

19 

5800 

5.52  x  104 

442.0 

G05 

1830 

19 

5620 

1.24  x  105 

730.0 
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FIGURE  71  Average  Realistic  Spectrum 
Missions  1  and  4 


2.5  FATIGUE  ANALYSIS 


In  this  section  of  the  report,  the  results  of  the  constant  amplitude  and  program  fatigue 
tests  for  the  bonded  and  mechanically  fastened  advanced  composites  joints  are  evaluated 
for  applicability  to  design.  These  data  analyses  and  general  conclusions  are  based  on 
the  trends  observed  from  the  data  presented  in  2.4  and  are  intended  to  provide  a  better 
understanding  of  the  fatigue  phenomena  of  advanced  composites  joints.  This  discussion 
is  addressed  to  the  specific  parametric  program  tasks  initiated  to  develop  realistic 
composites  joints  design  criteria.  The  following  sections  present  recommendations  for 
joint  design  based  on  the  constant  amplitude  testing  and  a  discussion  of  cumulative 
damage  applicability  from  the  program  fatigue  tests. 

2.5.1  Constant  Amplitude  Design  Data 

The  constant  amplitude  test  data  is  considered  applicable  for  developing  the  basic 
understanding  of  the  phenomena  of  fatigue  of  advanced  composites  joints.  The  basic 
recommended  design  criteria  from  this  program  is  discussed  in  2.5.1 .1  and  specific 
variations  of  joint  geometry  and  loading  conditions  are  discussed  in  subsequent  para¬ 
graphs. 

2. 5. 1.1  Basic  Design  Criteria 

Several  significant  conclusions  with  respect  to  the  overall  evaluation  of  the  fatigue 
behavior  of  composite  joints  have  been  formed  from  analysis  of  the  constant  amplitude 
test  data.  These  relate  specifically  to  the  following: 

o  Joint  static  properties  versus  fatigue  endurance 
o  Adherend/splice  combinations 
o  Optimum  bonded  joint  concept 

o  Joint  reinforcement  for  mechanical  fasteners 

o  Scatter  in  fatigue  data 

o  Residual  strength 
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In  2.4  the  basic  data  developed  from  the  fatigue  tests  are  presented  as  S-N  curves  and 
general  comparisons  between  the  baseline  data  and  joint  variables  are  discussed.  Here, 
attempts  are  made  to  expand  on  these  comparative  data  and  present  criteria  guidelines 
for  composite  joints  design. 

In  previous  fatigue  tests  of  basic  composite  laminates.  Reference  8,  the  resultant  S-N 
curves  have  very  little  slope  and  for  notched  specimens,  fatigue  strengths  at  10^  cycles 
have  been  found  to  be  higher  than  the  static  strength  of  the  laminate.  Based  on  these 
results  alone,  this  could  lead  to  a  detailed  composites  structures  design  where  the  fatigue 
life  is  based  solely  on  the  allowable  strength  of  the  alternates  under  consideration.  The 
designer  may  elect  to  utilize  the  structural  concept  which  has  the  highest  static  strength 
assuming  this  will  also  be  the  optimum  configuration  for  fatigue.  Detailed  analysis  of 
the  various  joint  concepts  evaluated  in  this  program  indicate  that  fatigue  endurance 
should  not  be  based  on  static  allowables  only.  There  is  a  definite  trade  between 
strength,  fatigue,  weight,  cost,  and  joint  complexity. 

The  trend  discussed  above  is  further  substantiated  by  comparison  of  the  test  data  from 
the  various  joint  concepts  evaluated.  In  Table  XXVII,  for  example,  the  average  static 
strength,  allowable  fatigue  stresses  at  10^  cycles,  and  fatigue  strength  as  a  percentage 
of  ultimate  strength  are  listed  for  four  typical  joint  configurations.  As  can  be  seen, 
joint  fatigue  endurance  and  subsequent  detail  design  based  strictly  on  static  strength 
may  result  in  a  non-optimum  structure.  Configuration  D,  with  the  double  splice  butt 
joint  will  develop  the  highest  static  strength  but  the  single  splice  butt  joint  (Configu¬ 
ration  A)  has  comparable  fatigue  strength.  If  fatigue  is  the  design  criteria,  the  single 
splice  butt  joint  will  result  in  weight  and  possibly  cost  savings  for  the  same  fatigue 
endurance.  The  all  boron  bonded  joint  (single  splice  Configuration  A)  appears  to  offer 
the  optimum  strength-to-weight  concept  where  fatigue  is  the  critical  design  criteria. 

For  the  mechanically  fastened  joints,  the  same  trend  holds.  The  Boron-Boron,  adherend/ 
splice  combination,  with  titanium  reinforcing  shims  does  not  exhibit  the  highest  strength 
but  is  the  best  strength-to-weight  concept  evaluated  for  fatigue.  This  is  true  if  the 
joint  envelope  is  restricted  such  that  titanium  reinforcing  shims  are  required  for  load 
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carrying  capability.  The  joint  may  be  further  optimized  if  the  structural  envelope  is 
not  a  restriction,  and  the  titanium  shims  are  replaced  by  alternating  ±45°  plies  of  boron. 
Considering  the  net  section  area  of  each  configuration  on  the  basis  of  equivalent  density, 
the  all  boron  joint  (boron  reinforcing  shims)  will  have  ahigher  load  carrying  capability 
than  the  boron  with  titanium  shims.  This  together  with  the  higher  fatigue  strength  as  a 
percentage  of  joint  static  strength  for  the  boron  with  boron  reinforcing  shims  listed  in 
Table  XXVII  (64%  F  |  )  indicate  that  this  configuration  is  optimum  for  the  mechanical 

joints  considered. 

In  the  mechanically  fastened  joints.  Configuration  E,  the  basic  composite  laminate  has 
been  reinforced  locally  with  either  titanium  or  boron  shims,  for  added  bearing  strength. 
Each  configuration  has  been  static  tested  as  well  as  fatigue  tested  to  develop  data  for 
this  program.  The  static  tests  of  the  specimens  with  titanium  shims  result  in  gross  section 
failures  in  the  basic  laminate  at  the  ends  of  the  titanium  shims  rather  than  in  the  net 
section.  The  boron  reinforced  specimens,  on  the  other  hand,  all  experienced  static 
failures  in  the  net  section  through  fastener  holes.  When  fatigue  tested,  both  configu- 
rations  generally  failed  in  the  net  section. 

With  titanium  shims,  the  boron  adherend  has  two  geometric  stress  concentration  factors 
in  the  build-up  area.  One  stress  concentration  factor  is  associated  with  the  fastener 
hole  and  the  other  at  the  shim  ends  where  there  is  an  abrupt  change  in  stiffness  in  the 
transition  area  between  the  build-up  and  basic  laminate.  This  stress  concentration  at 
the  shim  ends  apparently  is  the  more  significant  at  high  loads  (the  static  failures  occur 
here)  whereas  with  the  lower  load,  fatigue  cycling,  the  stress  concentration  at  the  hole 
is  the  governing  parameter  in  specimen  failure.  These  same  two  stress  concentration 
factors  occur  in  the  adherends  containing  additional  plies  of  boron  as  the  reinforcement. 
The  stress  concentration  at  the  ends  of  these  reinforcing  plies,  however,  is  apparently 
small  compared  to  the  stress  concentration  occurring  at  the  ends  of  the  titanium  shim 
reinforcement.  This  is  due  to  less  abrupt  changes  in  fiber  lay-up,  laminate  thickness, 
and  a  more  uniform  change  in  stiffness.  This  lends  further  credence  to  the  conclusion 
earlier  that  the  all  boron  mechanically  fastened  joint  is  more  optimum  than  the  boron 
laminate  with  titanium  reinforcement. 
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Although  not  a  specific  design  criteria,  it  should  be  noted  that  the  scatter  in  fatigue 
data  from  these  tests  is  much  less  than  that  generally  found  in  the  literature.  Reference 
8  for  example,  for  notched  and  unnotched  composites  laminates.  Definite  trends  have 
been  established  from  these  tests,  with  limited  numbers  of  specimens,  that  possibly  could 
not  be  attained  with  a  basic  laminate  fatigue  program.  This  information  is  significant 
in  that  it  results  in  increased  confidence  in  fatigue  results  and  can  result  in  maximum 
utilization  of  a  limited  number  of  fatigue  test  specimens. 

The  tests  to  evaluate  the  residual  strength  and  stiffness  of  the  bonded  joints  have  pro¬ 
vided  additional  data  to  aid  in  the  understanding  of  the  fatigue  of  composite  joints. 

The  basic  S-N  data  for  these  composite  joints  differs  significantly  from  those  developed 
with  the  basic  composite  but  the  residual  strength  after  cycling  and  at  fatigue  run-out 
is  only  slightly  (approximately  15%)  less  than  the  average  static  strength  of  the  parti¬ 
cular  joint.  In  Table  XXVII  the  fatigue  strength  of  typical  bonded  joints  ranges  from 
24  to  30%  F(j|t  at  10  cycles,  but  from  the  degradation  of  joints  testing  after  cycling 
at  approximately  the  same  stress  for  2  x  10  cycles  without  failure,  the  average  residual 
strength  is  approximately  85%  F^.  There  is  no  apparent  stiffness  loss  for  any  of  the 
bonded  specimens  evaluated.  Again  this  data  adds  confidence  to  vehicle  structural 
designs  incorporating  bonded  composites  joints. 

2.5. 1.2  Stacking  Order  and  Thickness  Effects 

In  general,  the  ply  stacking  and  thickness  variations  evaluated  here  for  the  bonded 
joints  have  no  effect  on  the  fatigue  endurance  of  the  joint.  This  is  of  course  specifi¬ 
cally  related  to  the  Narmco  5505  boron-epoxy  and  the  0°/±45°  fiber  orientation. 

Previous  data  indicated  that  higher  strength  was  developed  with  outer  plies  at  ±45° 
rather  than  0°,  but  in  this  program  no  apparent  differences  were  noted  in  the  static  or 
fatigue  properties  of  0°/±45°  versus  ±45O/0°.  Limited  data  for  0°/90°  fiber  orientation 
was  obtained  for  the  bonded  stepped  lap  joint  and  fatigue  strength  is  slightly  higher 
than  comparable  data  with  0  /±45  fiber  orientation  at  higher  stress  levels,  but  no 
definite  trends  have  been  established  based  on  these  tests. 
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The  thickness  increase  from  the  standard  8-ply  to  a  16-ply  laminate  for  the  bonded 
joints  does  result  in  a  decrease  in  joint  L/t  ratios.  The  increased  thickness  while  main¬ 
taining  a  standard  lap  length  results  in  fatigue  data  comparable  to  that  discussed  in 

2.5.1 .3  for  the  short  lap  specimens.  Increased  thickness  (16-ply)  with  the  Configuration 
E,  mechanically  fastened  joints  shows  some  reduction  in  fatigue  strength  compared  to  the 
8-ply  baseline  data.  This  reduction  in  strength  can  be  attributed  to  the  ratio  of  fastener 
clamp-up  to  pin  bearing  strength  for  the  Iwo  thicknesses,  i.e.,  as  specimen  thickness  is 
doubled  the  pin  bearing  load  is  doubled;  however,  the  fastener  clamp-up  remains  constant 
due  to  constant  fastener  torque.  This  leads  to  the  conclusion  that  joint  capability  should 
be  based  on  pin  bearing  strength  plus  an  added  constant  value  for  joint  clamp-up. 

Variations  in  the  stacking  order  for  the  mechanically  fastened  joints  consisted  of  the 
boron  reinforcing  shims  in  lieu  of  the  baseline  titanium  shims.  The  resulting  effects  on 
the  joint  fatigue  endurance  have  been  discussed  in  detail  in  2.5.1 .1 . 

2. 5. 1.3  Lap  Length  Effects 

The  effect  of  overlap  length  on  the  fatigue  endurance  of  bonded  Configuration  A  and  B 
joints  has  been  extensively  evaluated  in  this  test  program.  The  range  of  lap  lengths 
evaluated  was  0.375"  to  1 .0"  with  L/t  ratios  of  9.375  to  25.0.  There  is  no  apparent 
degradation  in  fatigue  endurance  with  lap  lengths  of  0.75"  or  less,  in  fact,  the  data 
are  equivalent  for  the  two  joint  concepts  tested  where  lap  length  is  varied  from  0.375" 
to  0.75”.  There  is  a  decrease  in  fatigue  strength  with  the  1 .0"  lap  length.  When 
considering  average  joint  shear  stress  versus  specimen  L/t,  there  is  apparently  a  plateau 
in  the  range  of  0.375  <  L/t  <  0.75  and  a  reduction  in  fatigue  strength  at  L/t  greater 

than  0.75. 

2. 5. 1.4  Preload/Side  load  Effects 

As  a  part  of  the  constant  amplitude  fatigue  test  program,  typical  Configuration  A  and  E 
specimens  were  pre loaded  in  tension  prior  to  fatigue  testing  to  determine  what  effect, 
if  any,  this  type  of  loading  has  on  the  fatigue  life  of  composite  joints.  Test  data  are 
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presented  in  Figures  43  and  65.  For  the  range  of  load  levels  considered,  static  preload 
has  no  effect  on  the  fatigue  endurance  of  bonded  or  mechanically  fastened  joints. 

An  additional  parameter  evaluated  in  this  program  was  the  application  of  side  loads  to 
specimens  1C  and  IF  during  the  axial  load  fatigue  testing.  Test  data  is  presented  in 
Figures  46,  67,  and  68.  Side  loads  varied  for  each  specimen  (from  low  to  high)  and  the 
increase  in  side  load  is  accompanied  by  a  decrease  in  fatigue  strength.  The  mechanically 
fastened  joints  (IF)  exhibit  higher  allowable  fatigue  strength  than  the  baseline  IE  speci¬ 
mens.  This  combined  loading  phenomena  should  be  evaluated  further  to  develop  more 
complete  fatigue  design  data  for  composite  joints. 

2. 5. 1.5  Cyclic  Rate  and  Low  Cycle  Fatigue 

As  a  part  of  this  program,  the  rate  of  cyclic  loading  during  fatigue  testing  has  been 
evaluated  for  R  F0.10  and  R  =  -1 .0.  Cyclic  rates  from  1  Hz  to  approximately  30  Hz 
have  been  evaluated.  These  test  results  show  no  effect  of  cyclic  rate  on  the  fatigue 
endurance  of  either  the  bonded  or  mechanically  fastened  joints.  This  conclusions  is  in 
keeping  with  results  from  fatigue  tests  of  basic  composite  laminates  as  reported  in 
Reference  8. 

Limited  low  cycle  data  has  been  obtained  as  a  part  of  this  program  and  is  included  with 
the  baseline  data  for  the  bonded  and  mechanically  fastened  joints  to  establish  mean 
fatigue  curves  and  constant  life  diagrams.  There  is,  however,  a  need  to  develop 
additional  low  cycle  fatigue  data  for  both  configurations  to  better  define  the  fatigue 
phenomena  of  this  type  of  structure.  There  are  still  questions  relative  to  the  low  cycle 
portion  of  the  S-N  curve  for  mechanical  joints  that  need  answers  such  that  the  higher 
cycle  data  points  and  mode  of  failure  is  tied  to  the  static  strength  and  static  failure 
mode.  (See  2. 4.2.4. 1  for  further  discussion .) 
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2.5. 1„6  Specimen  Width 

The  major  portion  of  the  constant  amplitude  fatigue  test  program  has  been  directed 
towards  evaluating  one-inch  wide  specimens;  however,  this  has  been  extended  to  wider 
specimens  to  evaluate  the  effect  of  Poisson's  Ratio  and  transverse  residual  thermal 
stresses.  Two  specimen  widths  were  tested  for  the  bonded  joints  and  include  3-inch  and 
10-inch  width.  The  bonded  single  splice  butt  joint  and  stepped  scarf  lap  joint  have 
been  tested.  For  the  Configuration  E  mechanically  fastened  joints,  the  increased  width 
effect  was  evaluated  with  2-inch  wide  specimens  only. 

There  are  specific  trends  in  the  wide  bonded  joint  tests  which  are  discussed  in  detail  in 
2. 4. 2. 2.1  and  2. 4. 2. 3.  The  single  splice,  bonded  butt  joint  data  shows  a  decrease  in 
fatigue  strength  with  increased  width  which  has  been  associated  with  Poisson's  Ratio  and 
substantiated  in  part  by  the  failure  modes  of  the  one-inch  wide  specimens.  It  was 
theorized  that  Poisson  effects  result  in  transverse  strains  which  produce  a  plane  strain 
state  in  the  adhesive  toward  the  specimen  center  resulting  in  crack  initiation  in  this 
brittle  adhesive  area.  Hence,  the  reduction  in  fatigue  life„ 

The  wide,  bonded  stepped  lap  joints  show  increasing  fatigue  endurance  with  increasing 
width  for  tension-tension  fatigue  loading  (R  =  +0.10).  This  phenomena  is  contrary  to 
the  trend  for  the  wide  single  splice  butt  joint  and  needs  further  evaluation  to  develop 
detailed  design  data.  It  is  felt  that  the  3-step  lap  joint  results  in  a  softer  interface 
between  the  adherends  than  with  the  other  bonded  joints  evaluated  and  approaches  a 
true  scarf  with  an  attendent  increase  in  fatigue  endurance. 

The  S-N  data  for  the  2-inch  wide  mechanically  fastened  joints  is  comparable  to  the 
results  of  the  one-inch  specimen  tests.  This  is  as  expected  since  the  Poisson  effect 
which  apparently  leads  to  a  reduced  fatigue  endurance  in  the  similar  bonded  single 
splice  lap  joint  is  not  significant  here. 
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2.5. 1.7  Bearing  Strength  and  Edge  Distance 


Pin  bearing  fatigue  tests  and  fatigue  tests  with  two  different  fastener  edge  distances 
have  been  conducted  for  the  Configuration  E,  mechanically  fastened  single  splice  butt 
joint.  In  the  fatigue  evaluation  of  this  type  of  joint,  in  advanced  composites,  it  is 
prudent  that  bearing  fatigue  strength  be  determined  with  and  without  the  effect  of 
fastener  ciamp-up,  since  some  primary  modes  of  failures  are  associated  with  bearing 
tear-out.  The  pin  bearing  tests,  then,  are  intended  to  give  an  indication  of  the  bearing 
capabilities  of  the  basic  reinforced  laminate  without  the  benefit  of  joint  clamp-up. 

For  this  evaluation  the  0°/±45°  boron  laminate  with  titanium  shims  was  tested  with  pin 
edge  distances  of  2.0D  and  1 .5D.  The  same  configuration  but  with  ±45°  boron  shims 
was  also  included  and  had  an  e/D  of  1  .5.  Test  data  are  presented  in  Figure  66  as 
bearing  strength  versus  cycles  to  failure.  The  data  trend  is  very  good  considering  the 
limited  number  of  specimens  and  shows  decreasing  fatigue  endurance  with  decreasing 
e/D,  as  expected. 

Fastener  edge  distance  effects  have  been  evaluated  in  a  similar  manner.  Configuration 
E  specimens  with  both  titanium  and  boron  reinforcing  shims  and  fastener  edge  distances 
of  1 .5  were  tested  for  comparison  with  the  baseline  data  with  e/D  =  2.0.  Tests  with 
the  titanium  shims  and  short  edge  distance  show  a  reduction  in  fatigue  endurance  which 
is  in  keeping  with  the  pin  bearing  results.  The  test  results  with  boron  shims,  however, 
are  within  the  scatter  of  the  baseline  data  and  is  an  improvement  over  the  pin  bearing 
results  for  the  identical  reinforced  laminate.  This  is  attributed  to  an  improvement  in 
the  fatigue  endurance  of  this  concept  with  fastener  clamp-up  and  further  substantiates 
the  conclusion  that  the  all  boron  configuration  is  the  more  optimum  of  the  mechanically 
fastened  joints  evaluated., 

2.5.2  Cumulative  Damage  Design  Data 

The  results  of  the  block  and  realistic  spectrum  tests  discussed  in  2.4.3  and  subsequent 
data  analyses  have  provided  useful  information  for  better  understanding  the  fatigue 
phenomena  of  bonded  and  bolted  composite  joints.  Some  of  the  more  pertinent  data 
as  regards  fatigue  design  criteria  are  discussed  in  the  following  paragraphs. 
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All  cumulative  damage  analyses  of  the  program  fatigue  tests  conducted  here  were  done 
using  Miner's  Cumulative  Damage  Theory.  Shockey,  Reference  9,  evaluated  several 
damage  theories  for  application  to  composite  structures  and  concluded  that  Miner's 
Therory  is  as  applicable  as  any  existing,  more  complex  theory.  The  author  agrees  with 
this  conclusion;  however,  cumulative  damage  theories  as  they  presently  exist  may  not 
be  applicable  to  composite  structures.  This  is  based  on  the  data  presented  in  Tables 
XXIV  and  XXVI  where,  in  general,  the  actual  fatigue  endurance  (either  in  blocks  or 
flights)  is  significantly  less  than  the  predicted  endurance. 

For  the  IA  and  IE  baseline,  1 .0-inch  wide  specimens  tested  under  block  loading,  the 
actual  endurance  averages  approximately  one-fourth  that  predicted  by  theory.  The  same 
specimens  tested  with  the  realistic  spectrum  applied  have  actual  fatigue  endurances  of 
one-tenth  and  one-half  the  predicted  values,  for  the  lAand  IE  specimens,  respectively. 
The  same  trend  is  true  for  the  wider  bonded  and  bolted  specimens  with  the  exception  of 
the  ME  block  loading  results  where  the  actual  endurance  exceeds  the  predictions.  When 
evaluating  cumulative  damage  of  metallic  structures  using  Miner's  Theory,  the  results 
for  any  data  sample  (similar  specimens,  etc.)  tend  to  scatter  about  1 .0,  but  for  the 
composite  joints  tested  here  the  data  for  a  particular  specimen  type  or  group  do  not 
follow  this  trend  and  tend  to  be  less  than  or  greater  than  1 .0.  In  general.  Miner's 
Theory  greatly  overestimates  the  fatigue  endurance  of  the  composite  joints  evaluated 
here.  Table  XXVIII  is  a  comparison  of  the  average  test  endurance  versus  predictions 
for  the  block  and  realistic  test  spectra. 

It  is  felt  that  the  lack  of  correlation  between  the  actual  endurance  and  predictions  is 
attributed  to  the  combination  of  shortcomings  in  an  applicable  damage  theory  and  the 
phenomena  related  to  the  durability  of  the  specimen  as  regards  sustaining  higher  applied 
loads.  In  2.5.1  .1,  it  was  noted  that  a  basic  composite  laminate  often  has  a  fatigue 
endurance  at  107  cycles  approaching  the  static  strength  of  the  laminate.  That  is,  the 
S-N  curve  has  little  slope  from  1/4  cycle  to  107  cycles.  It  has  been  shown  that  a  load 
approaching  ultimate  can  fail  a  specimen  early,  say  at  10  cycles,  or  after  millions  of 
applied  cycles;  i.e.,  large  scatter.  Almost  all  the  failing  loads  in  both  test  series 
were  approaching  the  static  strength  envelope  for  that  particular  joint  configuration.  It 
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is  apparent  that,  if  the  specimen  would  sustain  the  first  application  of  these  loads,  the 
fatigue  endurance  varies  and  there  is  considerable  scatter,  which  follows  the  same  trends 
for  the  basic  composite  laminate.  The  constant  amplitude  tests  did  not  show  this  trend, 
but  it  is  apparent  in  these  cumulative  damage  results0 

TABLE  XXVIII  ACTUAL  VERSUS  PREDICTED  FATIGUE  ENDURANCE 


Specimen 

Block  Spectrum 

Actual  Predicted 

Realistic 

Actual 

Spectrum 

Predicted 

IA 

2® 

4o> 

150® 

1600^ 

1 1 A 

- 

- 

166 

1600 

1 1 1 A  &  B 

44 

500 

- 

- 

IE 

2.5 

7 

1585 

2800 

ME 

9 

7 

1400 

2800 

Note:  (1) 

(2) 

Number  of  blocks 
Number  of  flights 

-  see  Tables  VIII  and  IX 

-  see  Table  VII 

With  the  present  state-of-the-art,  care  musf  be  taken  in  fatigue  analysis  of  composite 
joints  where  variable  amplitude  environmental  loads  exist  to  preclude  premature  fatigue 
damage.  This  of  course  assumes  utilization  of  an  existing  cumulative  damage  theory. 

On  approach  which  apparently  has  been  used  successfully  in  composite  structures  is  to 
establish  fatigue  cutoff  stresses  such  that  the  most  damaging,  higher  loads  are  minimized. 
The  maximum  stresses  for  this  program  as  percent  of  average  for  each  specimen 
tested  are  listed  below: 


Specimen  %  Ave.  Ffy 


IA 

73% 

II A 

73% 

MIA 

41% 

NIB 

54% 

IE 

90% 

ME 

90% 
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For  all  specimens  except  the  block  loading  HE  data,  the  existing  methodology  over¬ 
estimates  the  fatigue  endurance.  The  IIIA  and  IIIB  specimens  follow  this  trend  but  at 
the  lower  maximum  stresses,  40  to  60%  Ftu,  these  specimens  did  have  an  endurance 
greater  than  two  lifetimes. 

These  test  results  show  a  definite  need  for  significant  improvement  in  cumulative  damage 
analysis  methodology  as  pertains  to  composite  structures,  and  emphasis  should  be  directed 
to  additional  development  in  this  area  to  achieve  the  true  potential  of  advanced  composites 
in  a  broader  spectrum  of  hardware  applications. 
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TABLE  XXVII 

JOINT  STATIC  STRENGTH  VERSUS  FATIGUE  ENDURANCE 


Joint 

Conce 


Adherend/Spl ice  Static  Strength  Fatigue  Strength  Fatigue  Strength 

Combination  Fult.  FmaX  @1q6  Cycles  F^v/FuU. 


Bonded  Joints 

Configuration  A  Boron/Ti 

Boron/Boron 


Configuration  B  Boron/Ti 


3800 


Configuration  D  Boron/Ti 


Mechanical  Joints 


Configuration  E 


Boron/Ti 
(Ti  Shims) 

Boron/Boron 
(Ti  Shims) 

Boron/Ti 
(Boron  Shims) 


42000 


39500 


33000 


NOTE:  I.  All  tests  at  R  =  +0.10 

2.  All  specimens  1.0”  wide 


2.6  CONCLUSIONS 


The  general  conclusions  stated  here  are  based  on  the  trends  observed  from  the  data 
presented  in  2.4  and  2.5. 

o  Test  data  scatter  for  both  the  bonded  and  mechanically  fastened  joints  is 
small  compared  to  that  observed  from  basic  laminate  fatigue  tests, 

o  In  structural  designs  involving  composite  joints,  there  are  definite  trade  studies 
to  be  made  in  considering  strength,  fatigue,  weight,  and  joint  complexity. 

o  An  all  boron  joint  appears  to  be  the  most  optimum  of  the  configurations 
evaluated.  For  the  bonded  joints  this  includes  adherend  and  splice  plate; 
and  for  mechanically  fastened  joints,  the  boron  reinforcing  shims  appear 

optimum . 

O  Low  cycle  fatigue  for  the  mechanically  fastened  joints  should  be  evaluated 
further  to  better  define  the  trends  established  here. 

o  There  are  both  positive  and  negative  effects  on  fatigue  endurance  with 
increased  bonded  specimen  width  as  evidenced  here  from  the  IIA  and  I  IB 

test  data. 

o  The  optimum  l/t  ratio  for  bonded  joints  appears  to  range  from  9.0  to  25.0. 

o  These  composite  joints  compare  favorably  with  basic  laminates  as  regards 

residual  strength  and  stiffness  after  fatigue  cycling. 

o  Mechanically  fastened  joint  capability  should  be  based  on  pin  bearing 
strength  plus  an  added  constant  for  joint  clamp-up. 

o  Miner's  Theory  grossly  overestimates  the  fatigue  endurance  of  composites 
joints  and  a  relevant  and  usable  cumulative  damage  theory  needs  to  be 

developed. 
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o  These  joints  behave  similar  to  a  basic  composite  laminate  as  regards  ability  to 
sustain  higher  loads.  There  is  considerable  scatter  in  the  results  due  to  this 
phenomena. 

o  The  realistic  spectra  applied  here  are  apparently  four  times  more  damaging 
than  the  block  spectra. 

o  Utilization  of  rms  stress  and  a-N  curves  is  a  reasonable  method  for  approaching 
the  evaluation  of  realistic  spectrum  test  data. 
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III.  FAILURE  MODE  STUDIES 


3„  1  GENERAL 

In  conjunction  with  other  analyses  and  evaluations,  failed  bonded  joints  were  studied  to 
ascertain  the  mode  of  failure.  The  effects  of  variations  in  stress  ratios,  loading  conditions, 
joint  overlap  and  bond  width  were  considered.  Shear  and  peel  failure  modes  were 
established  for  boron-epoxy  composites.  Specimens  of  various  joint  configurat.ons 
having  boron  epoxy  as  one  of  the  adherends  were  evaluated. 

The  initial  step  in  the  investigation  of  these  specimens  was  to  obtain  5.6X  magnification 
photographs  of  the  failure  surfaces.  By  close  examination  of  these  photographs  and  by 
macroscopic  examination  of  the  specimens,  areas  of  general  modes  of  failure  were  out¬ 
lined  for  more  extensive  investigation  by  scanning  electron  microscope  (SEM)  photo¬ 
micrographs.  SEM  photomicrographs  with  a  magnification  of  approximately  20X  were 
the  first  shots  taken.  These  photographs  provided  a  map  of  a  selected  sample  (from  the 
specimen)  and  covered  an  area  which  may  be  as  large  as  3/16  inch  in  width.  The  20X 
SEM  photographs  were  then  enlarged  (approximately  200  percent)  by  conventional 
methods  and  were  used  for  selecting  smaller  areas  for  more  detailed  study  at  100X  or 
200X  magnification.  These  final  SEM  photomicrographs  were  used  in  conjunction  with 
the  lower  magnification  shots  to  define  the  various  failure  modes  present.  The  failure 
surface  on  the  splice  plate  is  identified  as  Surface  A  and  the  failure  surface  on  the 
loaded  adherend  is  identified  as  Surface  B. 
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3.2  DETERMINATION  OF  SHEAR  AND  PEEL  FAILURE  MODES 


The  shear  and  peel  failure  modes  were  defined  utilizing  a  failed  15-ply  flexure  specimen. 
The  specimen  was  subjected  to  a  beam  bending  load  and  initial  failure  was  a  shear 
fail  ure  along  the  midplane  of  the  laminate.  This  initial  failure  plane  is  evident  in 
Figure  74.  The  specimen  was  then  physically  pulled  apart  by  hand,  resulting  in  a  true 
peel  or  cleavage  mode  of  failure  over  the  remainder  of  the  specimen.  In  Figure  75  the 
facing  fractured  surfaces  are  shown  and  the  two  failure  mode  zones  are  defined.  Electron 
scan  photomicrographs  of  these  two  surfaces  in  the  transition  zone.  Figure  76,  illustrate 
the  difference  between  the  shear  and  peel  modes  of  failure.  The  difference  is  still  more 
pronounced  in  the  560X  magnification  of  the  shear  surfaces,  Figure  77,  and  in  the  570X 
magnification  of  the  peel  surfaces,  Figure  78.  The  shear  failure  of  the  resin  between 
the  fibers  has  the  appearance  of  being  stressed  in  biaxial  compression  and  tension  (shear) 
with  failure  occurring  normal  to  the  tensile  load. 


172 


Figure  75  Boron  Flexure  Specimen  Peel  Apart  -  Shear  and  Peel  Zones  Defined 


my 
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Figure  76  Facing  Fracture  Surfaces  Along  the  Fracture  Plane  of  a  Boron-Epoxy  Longitudinal  Flexure 


Figure  77  Facing  Surfaces  in  the  Horizontal  Shear  Fracture  Zone  of  a  Boron— Epoxy  Longitudinal  Flexure  Specimen 
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Figure  78  Facing  Surfaces  in  the  Peel  Fracture  Zone  of  a  Boron-Epoxy  Longitudinal  Flexure  Specimen 


3.3  INITIAL  JOINT  FAILURE  STUDIES 


The  first  joint  specimens  to  be  subjected  to  failure  mode  studies  were  two  specimens  used 
in  establishing  test  set-up  procedures,  cyclic  rate  limits,  specimen  support  methods,  and 
specimen  heating  due  to  fatigue  loading.  These  specimens  were  IA111E02  and  IA111E06. 

One  specimen,  -E06,  was  fatigue  cycled  at  a  stress  ratio  R  =  -1.0,  while  the  other 
specimen,  -E02,  was  fatigued  cycled  at  a  stress  ratio  R  =  +10.0.  Since  these  specimens 
were  used  to  evaluate  cyclic  rates  for  various  maximum  loads,  the  only  comparison  that 
can  be  made  is  the  effects  of  stress  ratios,  R  =  -1 .0  vs.  R  =  +10.0. 

The  52X  magnification.  Figure  79,  of  specimen  -E06  shows  the  general  appearance  of 
the  failed  surface  whereas  the  575X  magnification  of  the  same  failure  surface  shows 
finer  details  of  the  fracture  mode.  The  saw  tooth  effect  so  prominent  in  these  photos 
indicates  that  the  reversal  in  specimen  loading  resulted  also  in  the  reversal  of  principal 
tension  stress  within  the  resin  causing  the  tensile  failures.  This  fracture  mode  differs 
from  the  basic  shear  mode  as  evidenced  on  the  flexure  specimen.  On  the  flexure  speci¬ 
men  the  tensile  fractures  were  in  one  direction  and  were  not  as  sharply  defined  whereas 
on  this  R  =  —1.0  fatigue  failure  the  fractures  are  sharp,  well  defined,  and  the  tensile 
fractures  are  nearly  normal  to  each  other.  The  50X  magnification.  Figure  80,  of 
specimen  -E02  shows  the  general  appearance  of  the  failed  surface  whereas  the  500X 
magnification  of  the  same  failure  surface  shows  details  of  the  fracture  mode.  The 
tensile  fracture  that  was  defined  in  the  flexure  specimen  as  a  shear  mode  is  also  illus¬ 
trated  in  this  photograph.  However,  the  fracture  for  this  specimen  has  a  rounded 
appearance  along  the  length  of  the  tension  fracture  indicating  the  direction  of  the 
principal  tensile  stress  is  varying  through  the  thickness  of  the  resin. 
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3.4  CONFIGURATION  A  STUDIES 


Configuration  A  specimens  are  single  splice  butt  joints  of  boron-epoxy  odherends  bonded 
to  titanium,  aluminum  or  boron-epoxy  splices.  The  specimens  on  which  failure  mode 

studies  were  conducted  are 

defined  below: 

Specimen 

Number 

Adherend 

Combination 

Loading 

History 

IA111A03 

Boron/Titanium 

0.75"  Overlap 

Fatigue,  R  =  +0. 1 

F  =  2000  psi 

s  max 

Fatigue  Life  =  8000  Cycles 

IA111D01 

Boron/Titanium 

Static  Tension 

F  =  4600  psi 
tu 

IA111D09 

Boron/Titanium 

Static  Compression 

F  =  -6300  psi 
su 

IA113A01 

Boron/Boron 

Fatigue,  R  =  +0, 1 

F  =  1300  psi 

max 

Fatigue  Life  =  10,660,000  Cycles 

IA113D03 

Boron/Boron 

0.75"  Overlap 

Static  Tension 

F  =  3900  psi 
su 

IIA11C03 

Boron/Titanium 

0.75"  Overlap 

Compression  Fatigue,  R  =  +10.0 

F  =2100  psi 

s  max 

Fatigue  Life  =  12,500  Cycles 

IIIA12A01 

Boron/Titanium 

0.75"  Overlap 

Fatigue,  R  =  +0.1 

F  =  1300  psi 

s  max 

Fatigue  Life  =  9210  Cycles 


181 


3„4. 1  Specimen  1A1I1A03 


This  is  a  Configuration  A  specimen  having  boron  adherends  and  a  titanium  splice  plate. 
The  failure  bond  joint  area  is  1  "  wide  with  a  0.75"  overlap.  Failure  Surface  A  (titanium 
splice  plate)  is  shown  in  Figure  81  and  failure  Surface  B  (boron  adherend)  is  shown  in 
Figure  82. 

In  Figure  81,  Section  ^1  is  cohesive  shear  failure  of  the  adhesive  immediately  adjacent 
to  the  titanium  splice  plate.  The  fracture  surface  visible  in  Section  ^2  is  the  resin 
matrix  sheared  from  the  outer  surface  of  the  boron  and  the  whitish  look  of  this  section 
is  due  to  a  secondary  failure  at  the  adhesive-titanium  interface.  The  remainder  of  the 
fracture  was  predominatly  shear  between  the  resin  matrix  and  the  boron  filaments  with 
some  tensile  failure  of  the  boron  filaments.  The  two  white  streaks  were  areas  of  shear 
between  the  resin  matrix  and  the  104  glass  scrim  cloth.  A  200X  magnification  of  a 
portion  of  this  area  is  shown  in  Figure  83 .  This  photograph  shows  where  the  fibers  had 
been  imbedded  in  the  resin  but  were  sheared  out  under  fatigue  loading.  The  resin 
ridges  show  the  angled  tension  failures  in  the  resin  with  some  areas  being  rounded 
similar  to  those  exhibited  in  the  R  ■  +10.0  fatigue  specimen  (Figure  80).  However, 
the  rounding  is  not  as  pronounced  and  the  fracture  along  the  top  of  these  ridges  has 
sharper  peaks  similar  to  those  exhibited  by  the  shear  mode  in  the  flexure  specimen. 

In  Figure  82,  Section  ^  1  is  a  cohesive  failure  of  the  adhesive  adjacent  to  the  titanium 
splice  plate  and  coincides  with  Section  ^1  in  Figure  81 .  The  remainder  of  the  fracture 
was  shear  between  the  resin  matrix  and  boron  fiber  leaving  the  upper  surface  of  the 
boron  fibers  exposed.  A  100X  magnification  of  a  portion  of  this  area  is  shown  in 
Figure  84.  This  photograph  is  of  the  facing  surface  to  that  shown  in  Figure  83,  and 
the  fractures  in  the  resin  between  the  fiber  are  mating  fractures  to  those  along  the 
ridges  in  Figure  83. 
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0.75" 

Overlap 


Figure  81 


IA111A03  -  Failure  Surface  "A" 
Titanium  Splice  Plate 
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Width 


Figure  83  IA111A03  -  Failure  Surface  "A” 

200X  Magnification 


Figure  84  IA111A03  -  Failure  Surface  "B" 

100X' Magnification 
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3.4.2  Specimen  IA111D01 


This  is  a  Configuration  A  specimen  having  boron  adherends  and  a  titanium  splice  plate. 
The  specimen  was  sub|ected  to  static  loading  in  tension  and  failed  at  4600  psi.  Figures 
85  and  86  show  failure  Surfaces  A  and  B  respectively.  The  major  modes  of  failure  for 
this  specimen  were  shear  between  the  resin  matrix  and  the  boron  fiber  and  tensile  failure 
of  a  large  number  of  boron  fibers.  A  small  area  across  the  end  of  the  titanium  splice 
plate  had  an  adhesive  failure  between  the  EA9601  adhesive  and  the  titanium  splice  plate 
Only  one  high  magnification,  100X,  photograph  was  taken  of  this  specimen,  Figure  87. 
This  photograph  shows  the  exposed  fiber  of  Surface  B  and  the  broken  resin  between  the 
fibers.  The  appearance  of  this  fracture  mode  is  similar  in  nature  to  that  shown  in 
Figure  84  for  specimen  No.  IA1 1 1A03  (fatigue  test,  R  =  +0.1).  Again  by  this  similarity 
it  may  be  indicated  that  the  direction  of  load  is  the  major  controlling  factor  in  the  type 
of  failure  mode. 


0.75" 

Overlap 


Figure  85  IA111D01  -  Failure  Surface  "A" 

Titanium  Splice  Plate 


187 


Figure  86  IA111D01  -  Failure  Surface  "B" 

Boron  Adherend. 
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Figure  87  IA111D01  -  Failure  Surface  "B" 

100X  Magnification 
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3.4.3  Specimen  IA111D09 


This  is  a  Configuration  A  specimen  having  boron  adherends  and  a  titanium  splice  plate. 
The  specimen  was  subjected  to  a  static  compression  load.  Average  ultimate  shear  stress 
was  6300  psi  and  is  representative  of  a  high  quality  bond.  Failure  Surface  A  (titanium 
splice  plate)  is  shown  in  Figure  88  and  Failure  Surface  B  (boron  adherend)  is  shown  in 
Figure  89. 

In  Figure  88,  Section  ^1,  the  major  mode  of  failure  was  shear  between  the  resin  matrix 
(adjacent  to  the  splice  plate  adhesive)  and  the  first  or  outer  ply  of  boron  filaments  of 
the  specimen  half.  The  longitudinal  area  outlined  by  dots  is  the  location  of  an  0.05 
inch  wide  gap  between  boron  filaments  in  the  first  or  outer  ply. 

The  major  mode  of  failure  in  Section  ^2  was  cohesive  shear  of  the  adhesive  along  the 
plane  of  the  adhesive  scrim  cloth.  This  is  a  failure  mode  not  often  detected  in  composite 
joints  since  the  adhesive  is  usually  much  stronger  than  the  resin.  The  failure  mode  in 
Section  ^3  was  an  adhesive  failure  of  the  adhesive  to  the  titanium  surface. 

The  fracture  surface  of  Figure  89  is  a  mirror  image  of  the  splice  plate  surface  shown  in 
Figure  88.  The  small  square  area  outlined  in  this  figure  is  the  area  selected  for  investi¬ 
gation  by  SEM  photomicrographs.  Figure  90  is  the  larger  area  outlined  in  Figure  89 
and  was  used  as  a  map  for  more  extensive  investigation.  Three  different  failure  modes 
were  studied  with  this  specimen.  One  failure  mode.  Figure  91,  was  associated  with 
shear  at  the  adhesive  surface;  the  second.  Figure  92,  was  associated  with  shear  within 
the  adhesive  along  the  adhesive  scrim  carrier  (cohesive  mode);  and  the  third,  Figure  93, 
illustrated  once  again  the  resin/fiber  interface  shear  mode  associated  with  compression 
loading. 


190 


Figure  90  IA111D09  Failure  Surface  "B"  Map  -  40X  Magnification,  45  Tilt 

(Reference  Figure  89) 


Figure  93  IA111DU9  -  Surface  "B" 

100X  Magnification,  0°  Tilt 
(Reference  Figure  9u) 


3.4.4  Specimen  I  AT  7  3  API 


This  is  a  Configuration  A  specimen  having  boron  adherends  and  a  boron  splice  plate. 

The  specimen  was  subjected  to  fatigue  cycling  at  a  stress  ratio  R  =+0.1  and  a  maximum 
stress  of  1300  psi.  Its  fatigue  life  was  10,660,000  cycles.  Failure  Surface  A  (boron 
splice  plate)  is  shown  in  Figure  94,  and  Failure  Surface  B  (loaded  boron  adherend)  is 
shown  in  Figure  95. 

In  Figure  94,  Section  ^1,  the  mode  of  failure  was  shear  between  the  resin  matrix  and 
the  first  or  outer  layer  of  boron  filaments  of  the  loaded  boron  specimen  half  (Surface  B). 

The  failure  mode  of  Section  ^2  is  just  the  reverse  of  Section  ^1,  i.e.,  shear  between 
the  resin  matrix  and  outer  or  surface  layer  of  boron  filaments  of  the  boron  splice  plate. 

Section  ^3  exhibits  a  failure  mode  different  from  failure  modes  previously  investigated. 

The  failure  in  this  area  occurred  between  the  first  set  of  ±45°  plies.  The  failure  mode 
was  shear  of  the  resin  matrix  adjacent  to  the  2nd  45°  ply  of  boron.  The  light  area 
indicated  by  the  arrow  is  powdered  resin  matrix. 

In  Figure  95,  the  failure  modes  of  Sections  ^1  and  ^2  are  mirror  images  of  those  shown 
in  Figure  94.  The  major  portion  of  Section  ^2  shows  the  outer  portion  of  the  resin  matrix 
that  was  adjacent  to  the  outer  ply  of  boron  filaments  in  the  splice  plate. 

The  major  portion  of  Section  ^3  shows  the  resin  matrix  that  was  adjacent  to  the  boron 
filaments  in  the  2nd  45°  ply  of  the  boron  splice  plate.  The  dashed  roughly  circular  area 
denotes  considerable  fretting  or  rubbing. 

The  square  areas  outlined  in  Figures  94  and  95  are  the  areas  investigated  by  SEM  photo¬ 
micrographs.  Figure  96  is  the  area  outlined  in  Figure  94  and  was  used  as  a  map  for 
further  investigation.  Two  different  failure  modes  were  evaluated  at  higher  magnifications. 
Figure  97  illustrates  two  different  failure  modes.  One  failure  mode  is  a  shear  failure 
between  the  resin  and  the  first  layer  of  boron  parallel  to  the  load  direction.  This  failure 
mode  is  the  same  as  that  previously  defined  for  tension-tension  fatigue  loading.  However, 
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MAG.  6X 


Figure  94  IA113A01  Failure  Surface  "A" 

Boron  Splice  Plate 
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Figure  97  IA113A01  Failure  Surface  "A" 

53X  Magnification 

(Reference  Figure  96  Upper  Left) 
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the  fracture  surface  in  the  resin  adjacent  to  the  45°  ply  exhibits  a  different  type  of 
failure  mode.  This  difference  is  attributed  to  the  difference  in  support  provided  to  the 
resin  by  the  off  angle  ply.  This  failure  mode  is  further  investigated  in  the  photomicro¬ 
graphs  shown  in  Figure  98.  The  surface  exposed  in  these  SEM  photomicrographs  is  the 
same  as  designated  as  Section  #3  in  Figure  94.  The  failure  mode  in  these  photomicro¬ 
graphs  is  shear  in  the  resin  adjacent  to  the  45  ply  resulting  from  a  tension-tension 
fatigue  load  applied  at  0°.  The  1 17X  and  the  235X  magnifications  reveal  a  failure 
associated  with  the  boron  fiber  which  has  not  been  detected  in  previous  failure  mode 
studies.  The  failure  illustrated  in  this  figure  has  the  appearance  of  fiber  surface  spalling,, 

The  square  area  outlined  in  Figure  95  is  shown  in  Figure  99.  The  two  different  failure 
modes  illustrated  in  Figures  96  through  98  are  also  visible  in  Figure  99.  Figure  100 
illustrates  the  same  failure  mode  as  Figure  97  and  Figure  101  illustrates  the  same  failure 
mode  as  Figure  98  since  these  represent  the  mirror  images  of  those  figures. 
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3.4.5  Specimen  IA113D03 


This  is  a  Configuration  A  specimen  having  boron  adherends  and  a  boron  splice  plate  with 
a  standard  0.75”  overlap.  The  specimen  was  subjected  to  a  static  tension  load,  and 
failed  at  an  ultimate  average  shear  stress  of  3900  psi.  The  failure  bond  area  is  0.75"  x 
1.0".  Failure  Surface  A  is  shown  in  Figure  102  and  has  the  standard  resin-to-fiber 
shear  mode.  Failure  Surface  B  is  shown  in  Figure  103,  and  although  it  is  a  mirror  image 
of  Figure  102,  close  examination  reveals  this  failure  mode  to  be  different  than  previously 
investigated  fracture  surfaces.  For  this  reason,  two  samples  were  removed  for  SEM  in¬ 
spection  and  these  are  shown  in  Figures  104  and  105. 

Figure  104  was  taken  from  near  the  center  of  the  specimen  and  Figure  105  was  taken 
near  the  end  of  the  specimen.  Extensive  shear  fracture  can  be  detected  over  the  entire 
photograph  with  the  exception  of  a  few  areas  that  appear  as  a  peel  fracture  mode.  This 
peel  mode  can  be  seen  more  clearly  in  Figure  106.  This  fracture  compares  closely  with 
the  peel  mode  reported  in  the  first  fracture  studies  conducted  under  this  program. 

Figure  107  illustrates  that  the  shear  fracture  is  not  confined  to  one  interface  at  a  given 
location.  This  figure  shows  failure  occurring  between  the  resin  and  the  0°  ply  and  the 
45°  ply  in  the  same  location.  These  same  failures  are  shown  in  Figures  108  and  109. 
Presence  of  some  peel  mode  failure  and  multi-layer  shear  failure  are  believed  to  be 
the  reasons  why  this  boron-to-boron  specimen  exhibited  a  lower  strength,  generally, 
than  the  boron  to  metal  specimens. 
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Figure  100  IA11JA01  Failure  Surface  "B" 

98X  Magnification 

(Reference  Figure  99  Upper  Center) 


Figure  101  IA113A01  Failure  Surface  "B" 

11 OX  Magnification 

(Reference  Figure  99  Lower  Left) 
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Figure  102  IA113D03  Failure  Surface  "A" 

Boron  Splice  Plate 
6x  Magnification 
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Figure  103  IA113D03  Failure  Surface  "B" 

Boron  Adherent! 

6x  Magnification 
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Figure  104  IA113D03  Failure  Surface  "A",  40X  Magnification 


Figure  105  IAl 1 3D03  Failure  Surface  "B 
(Reference  Figure  105  Near 


» ,  40X  Magnification 
Edge) 
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Figure  109  Enlargement  of  Figure  105 

Near  Center,  11  OX  Magnification 
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3.4.6  Specimen  IIA1 1 C03 


This  is  a  3-inch  wide  Configuration  A  single  splice  lap  joint  compressive  fatigue  loaded 
to  a  stress  ratio  of  R  =  +10.0.  Figure  110  is  a  2X  magnification  overall  view  of  the 
fractured  surface.  No  new  failure  modes  are  apparent  in  any  of  the  3-inch  wide  speci¬ 
mens  investigated.  However,  the  increase  in  joint  area  allows  for  more  fracture  modes 
within  one  specimen  as  illustrated  in  Figure  110.  One  factor  noted  in  the  wider  joints 
was  the  increased  amount  of  crazed  or  granular  resin  over  the  entire  fracture  surface. 
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3.4.7  Specimen  IIIA12A01 


This  is  a  10-inch  wide  Configuration  A  single  splice  lap  joint  loaded  in  tension-tension 
fatigue  to  a  stress  ratio  of  R  =  +0. 1 .  As  may  be  seen  in  Figure  111,  three  separate  and 
different  fracture  areas  are  apparent.  It  is  assumed  that  the  fracture  initiated  in  one 
area,  propagated  to  the  next,  where  the  net  section  was  reduced  to  a  minimum,  leading 
to  a  catastrophic  static  failure  on  the  next  cycle  of  loading. 

Examination  of  Failure  Surface  A  indicated  shear  failure  initiating  in  the  adhesive  at  the 
outer  edges  of  the  joint.  Although  difficult  to  demonstrate  photographically,  a  definite 
pattern  appeared  in  the  adhesive,  under  microscopic  examination,  indicative  of  combined 
applied  loads  and  transverse  thermal  stresses  at  the  edge  of  the  panel  and  resultant  loads 
peaking  at  the  ends  of  the  overlap. 

In  Figure  111,  Surface  B,  Section  ^1,  the  failure  mode  was  shear  within  the  adhesive 
along  the  plane  in  the  scrim  cloth.  In  Section  ^3  the  failure  mode  was  primarily  shear 
between  the  boron  filaments  and  resin  matrix  with  some  shear  between  the  resin  matrix 
and  104  carrier  scrim. 

In  Section  ^2  the  failure  mode  was  shear  between  the  boron  filaments  and  resin  matrix 
and  tensile  failure  of  the  boron  filaments. 

The  square  areas  outlined  in  Figure  111,  Surface  B,  were  investigated  by  SEM  photo¬ 
micrographs.  Figure  112  represents  the  -1  area  and  illustrates  the  failure  modes 
discussed  under  Section  ^1  above.  Figure  113  represents  the  -2  area  and  illustrates 
the  failure  modes  discussed  under  Section  ^2  above. 
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Figure  111  Specimen  IIIA12A01  -  Overall  View,  1/3X  Magnification 
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Figure  112  SEM  Photomicrograph  of  -1  Square  in  Figure  111 
Surface  B 


Figure  1 1 3  SEM  Photomicrograph  of  -2  Square  in  Figure  111 
Surface  B 
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3.5  CONFIGURATION  B 


Configuration  B  specimens  are  single  scarf  step  joints  having  boron-epoxy  adherends 
bonded  to  titanium  or  aluminum.  These  are  3-step  joints  with  each  joint  consisting  of 
1/2  or  3/8-inch  steps.  The  specimens  on  which  failure  mode  studies  were  conducted  are 

defined  below: 

Specimen 

Number 

Adherend 

Combinations 

Loading 

History 

IB111C01 

Boron/Titanium 

1 .50  Overlap 

Compression  Fatigue,  R  =  +10.0 

F  ■  2500  psi 

s  max 

Fatigue  Life  a  315,  130  Cycles 

IIB31A05 

Boron/Titanium 
1.125  Overlap 

Fatigue,  R  =  +0. 1 

F  =  1400  psi 

s  max 

Fatigue  Life  =  939,000  Cycles 
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3.5.1  Specimen  1B1 1 1 C01 


This  is  a  one-inch  wide  Configuration  B  step-lap  joint  specimen,  loaded  in  compression 
to  a  stress  ratio  of  R  =  +10.0.  A  4X  view  of  the  failure  surface  is  shown  in  Figure  114. 
For  step-lap  joints,  the  failure  modes  are  generally  mixed;  i.e.,  some  bond  failure, 
some  de lamination,  and  some  net  section  for  the  thinnest  step  in  the  boron.  However, 
when  loaded  in  compression  fatigue,  the  bondline  is  usually  the  weakest  link,  as 
evidenced  in  the  micrograph. 
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3.5.2  Specimen  I1B31A05 


This  is  a  three-inch  wide  Configuration  B  step-lap  joint  specimen,  loaded  in  tension- 
tension  fatigue  at  a  stress  ratio  of  R  =+0.1 .  An  overall  view  of  the  joint  is  shown  in 
Figure  115.  It  will  be  seen  in  magnified  view  (6X)  Figure  116, that  the  joint  failed  in 
the  bond  line  on  two  steps  and  in  net  section  tension  in  the  third  step. 

As  seen  in  Figure  115,  when  failure  takes  place  in  the  bond  line,  much  damage  occurs 
to  the  adhesive  layer.  Sections  ^1  and  #2  noted  on  Figure  116  were  examined  further 
on  the  SEM.  As  evidenced  in  Figure  1 17,  the  failure  mode  at  the  first  step  consists  of 
shear  failure  within  the  adhesive  (along  the  plane  of  the  scrim  cloth)  changing  abruptly 
to  shear  failure  between  the  resin  matrix  and  the  outer  ply  of  boron  filaments.  Figure 
1 18,  representing  Section  ^2  of  Figure  116,  shows  the  shift  in  failure  mode  from  shear 
between  the  resin  matrix  and  outer  ply  of  boron  filaments  (in  the  first  step)  to  shear 
within  the  adhesive  along  the  plane  of  the  adhesive  scrim  cloth. 
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Figure  118  SEM  Photomicrograph  of  -2  Square  in  Figure  116 
20X  Magnification 
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3.6  CONFIGURATION  C  STUDIES 


Configuration  C  specimens  are  T-joint  specimens  consisting  of  a  titanium  "T"  section 
bonded  to  a  boron-epoxy  adherend.  The  T-section  is  bonded  perpendicular  to  the  length 
of  the  specimen  in  such  a  fashion  that  when  the  specimen  is  loaded  axially,  a  transverse 
load  can  be  introduced  to  the  bond  area  through  tension  applied  to  the  upstanding  leg 
of  the  tee o  The  specimens  on  which  failure  mode  studies  were  conducted  are  defined 
below: 


Specimen 

Adherend 

Loading 

Number 

Combinations 

History 

IC111A01 

Boron/Titanium 

1.0  x  1.25 
Overlap 

Fatigue,  R  =  +0. 1 

F  =  21, 500  psi 

t  max 

Side  Load  =  50  lbs 

Fatigue  Life  =  86,000  Cycles 

IC1J1A02 

Boron/Titanium 

1.0  x  1.25 
Overlap 

Fatigue,  R  =  +0. 1 

Fa  =  30,  000  psi 

t  max  r 

Side  Load  =  60  lbs 

Fatigue  Life  =  18,000  Cycles 

IC111D03 

Boron/Titanium 

Static  Tension,  Axial  Load  =  47,  500  psi 
Side  Load  =  105  lbs  at  Failure 

Deflection  =  0.190  in.  at  Failure 
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3.6.1  Specimen  IC111A01 


This  is  a  Configuration  C  or  T-joint  specimen  having  a  titanium  tee  bonded  to  a  boron 
adherend  over  a  1 .0  x  1 .25  inch  area.  The  specimen  was  subjected  to  an  axial  tension- 
tension  fatigue  loading  at  a  stress  ratio  of  R  =+0.1  and  maximum  tensile  stress  of 
21,500  psi.  In  conjunction  with  this,  a  sustained  side  load  of  50  lbs  was  introduced 
through  the  bonded  tee. 

Figure  119  shows  the  general  failure  modes  of  this  specimen  which  consist  of  a  laminate- 
t0_t-ee  disbond,  and  fracture  of  the  laminate.  Failure  Surface  B,  Figure  120,  magnification 
4X,  indicates  that  the  bond  failed  primarily  in  shear  at  the  glass  carrier  scrim/ resin 
interface  in  the  surface  ply  of  boron  culminating  in  a  static  peel  mode.  It  is  apparent 
that  the  effects  of  side  loading  and  laminate  bending  have  caused  plies  near  the  surface 
to  fail,  thus  propagating  into  total  laminate  failure. 

A  SEM  specimen  was  removed  from  the  area  indicated  on  the  specimen  fracture  surface 
in  Figure  120.  Figure  121,  a  20X  SEM  photomicrograph  of  a  section  of  this  area,  shows 
the  change  in  surface  topography  where  the  fracture  mode  shifted  from  shear  to  peel. 

A  higher  magnification  (100X)  SEM  photomicrograph  of  the  fracture  transition  zone  is 
shown  in  Figure  122. 
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Figure  119  Specimen  IC111A01  -  Overall  View 


Figure  120  Specimen  IC111A01  -  Magnification  4X  -  Surface  "B" 
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Figure  121  SEM  Photomicrograph  of  Area  Outlined  in  Figure  120 


3.6.2  Specimen  1C  1 1 1A02 


This  specimen  was  loaded  similar  to  IC111A01  except  that  the  maximum  tensile  stress 
was  30,000  psi  with  a  side  load  of  60  lbs.  An  overall  view  of  the  joint.  Figure  123, 
shows  that  failure  again  initiated  at  the  ends  and  propagated  toward  the  center. 
Microscopic  inspection.  Figure  124,  revealed  a  tension  shear  fracture  mode  at  the  ends 
but  changing  to  a  peel  mode  at  final  failure.  A  20X  SEM  photomicrograph  of  a  section 
of  this  specimen  is  shown  in  Figure  125.  A  pronounced  narrow  band  of  peel,  or  flat¬ 
wise  tension  fracture  mode,  is  evident  (arrow)  with  striations  also  being  visible.  The 
striations  initiated  in  the  area  where  the  failure  mode  changes  from  shear  to  peel. 
Although  apparent  on  only  one  side  of  the  final  fracture  site,  the  striations  were 
observed  microscopically  on  both  sides  of  the  final  failure  zone. 
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Figure  124  Specimen  IC111A02  -  Magnification  4X  -  Surface  "B" 
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MAG.  20 X 

Figure  125  SEM  Photomicrograph  of  Section  from  Area 
Designated  by  Square  in  124 
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3.6o3  Specimen  IC1 1 1D03 

This  is  a  Configuration  C  specimen  which  was  subjected  to  an  axial  load  of  47,500  psi 
and  an  increasing  side  load  which  reached  105  pounds,  and  incurred  a  deflection  of 
0.190  inches  at  failure.  An  overall  view  of  the  fracture  surfaces  is  shown  in  Figure 
126.  Microscopic  examination  (Figure  127)  indicates  failure  due  to  overload  normal 
to  the  bond  line.  Without  the  presence  of  cyclic  axial  loads,  the  initial  failure  at 
the  ends  of  the  tee  joint  appear  to  be  a  tension  or  a  tension/peel  combination.  This 
fracture  then  rapidly  changed  into  a  shear  plus  tension  mode. 
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3.7  CONCLUSION  OF  FAILURE  MODE  STUDIES 


Visual  observation  of  specimens  containing  different  design  variables  and  subjected  to 
different  loading  conditions  indicate  that  there  are  numerous  failure  modes  associated 
with  boron -epoxy  composite  joints. 


Based  on  failure  mode  studies  conducted  within  the  scope  of  this  program, 
of  failure  have  been  defined  and  related  to  load  condition.  These  failure 
related  loading  conditions  are  as  follows: 


specific  modes 
modes  and 


o  Shear  fatigue  failure  in  resin  parallel  to  fiber  regardless  of  stress  level  but 
subjected  to  a  stress  ratio  of  R  *  -1 .0  as  illustrated  in  Figure  128. 


o  Shear  failure  in  matrix  parallel  to  fiber  due  to  static  tension  on  the  joint  or 
tension-tension  fatigue  R -+0.1  as  illustrated  in  Figure  129. 


O  Shear  failure  in  matrix  parallel  to  fiber  due  to  static  compression  or 

compression-compression  fatigue  R  -  +10.0  as  illustrated  in  Figures  130 
and  131 .  Also,  cohesive  shear  in  the  adhesive  as  illustrated  in  Section  2, 

Figure  132. 

o  Spalling  of  boron  fibers  in  45°  plies  resulting  from  a  tension-tension  fatigue 
load  applied  at  0°,  as  illustrated  in  Figure  133. 

o  Peel  mode  of  failure  in  the  matrix  in  static  tension  as  illustrated  in 
Figure  134. 

o  Shear  and  flatwise  tension  or  peel  in  a  "T"  joint  as  shown  in  Figure  135. 

Striations  appear  in  the  transition  zone  between  shear  and  the  final  fracture 

mode . 
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MAG.  200X 


Figure  129  Shear  Failure  in  Matrix  Subjected  to 
Tension-Tension  Fatigue,  R  =  +0.1 


MAG.  500X 


Figure  130  Shear  Failure  in  Matrix  Subject  to 
Compression-Compression  Fatigue, 

H  =  +10.0 
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Figure  1J1  Shear  Failure  in  Matrix  Subjected 
To  Static  Compression 


*  ■'  5  , 

S':  ........w».':.  -  &•£  •  •  •  S, 


Figure  1 32  Cohesive  Shear  in  the  Adhesive, 
Illustrated  in  Section  2 
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Figure  155  Spalling  of  Boron  Fibers  in  45  Plies 
Subjected  to  a  Tension-Tension  Fatigue 
Load  Applied  at  0° 
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MAG.  112X 

Figure  134  Peel  Failure  in  Matrix  Subjected,  to  Static  Tension 


MAG.  20X 

Figure  135  Shear  and  Flatwise  Tension  or  Peel  in  a  Tee  Joint 
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